Purdue University

Purdue e-Pubs
Open Access Theses

Theses and Dissertations

8-2018

Stochastic Techno-Economic Analysis of Electricity Produced
from Poplar Plantations in Indiana
Dawoon Jeong
Purdue University

Follow this and additional works at: https://docs.lib.purdue.edu/open_access_theses

Recommended Citation
Jeong, Dawoon, "Stochastic Techno-Economic Analysis of Electricity Produced from Poplar Plantations in
Indiana" (2018). Open Access Theses. 1546.
https://docs.lib.purdue.edu/open_access_theses/1546

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries.
Please contact epubs@purdue.edu for additional information.

STOCHASTIC TECHNO-ECONOMIC ANALYSIS OF ELECTRICITY
PRODUCED FROM POPLAR PLANTATIONS IN INDIANA
by
Dawoon Jeong

A Thesis
Submitted to the Faculty of Purdue University
In Partial Fulfillment of the Requirements for the degree of

Master of Science

Department of Agricultural Economics
West Lafayette, Indiana
August 2018

ii

THE PURDUE UNIVERSITY GRADUATE SCHOOL
STATEMENT OF COMMITTEE APPROVAL

Dr. Wallace E Tyner, Chair
Department of Agricultural Economics
Dr. Otto C Doering III
Department of Agricultural Economics
Dr. Richard Meilan
Department of Forestry and Natural Resources
Dr. Tristan R. Brown
State University of New York College of Environmental Science and Forestry

Approved by:
Dr. Nicole J Olynk Widmar
Head of the Graduate Program

iii

To my heavenly father

iv

ACKNOWLEDGMENTS

I would like to express my sincere gratitude to my advisor Dr. Tyner for his patience and guidance
throughout this research. This thesis would never be complete without his insights and support.
Thank you for being always available for the last two years. Thank you also to Dr. Doering for
teaching me to see many wicked problems in this world and agreeing to be on my committee. I am
also thankful to Dr. Meilan for providing the field data sets for this study. Without it, this research
would not be as compelling as it is now. Thank you to Dr. Brown for serving on my committee
and always answering my questions instantly.
Overall, the past two years at Purdue were a valuable experience. Throughout this journey, God
has always surprised me on his own time, in his own way. In addition, I hope my beloved family
feels how much I am thankful to them for giving me the greatest comforts and love. God bless you
always, Jeong Won-Chul, Kim Myeong-Ho and Jung Hyun. Lastly, thank you Michael Greenan
for being there whenever I needed your support.

v

TABLE OF CONTENTS

LIST OF TABLES ................................................................................................................ viii
LIST OF FIGURES ................................................................................................................. x
LIST OF ABBREVIATIONS ................................................................................................. xii
ABSTRACT.......................................................................................................................... xiii
CHAPTER 1.

INTRODUCTION......................................................................................... 1

1.1

Electricity Industry Overview ................................................................................... 1

1.2

Electricity Generation in Indiana ............................................................................... 2

1.3

Biopower Generation................................................................................................ 4

1.3.1

Potential Benefits.................................................................................................. 4

1.3.2

Potential Challenges and Concerns ........................................................................ 5

1.4

Pathway Description ................................................................................................. 5

1.4.1

Feedstock ............................................................................................................. 5

1.4.2

Combustion Technology ....................................................................................... 6

1.5

Problem Statement ................................................................................................... 7

1.6

Objective Statement.................................................................................................. 8

CHAPTER 2.
2.1

LITERATURE REVIEW .............................................................................. 9

SRC Poplar Plantation .............................................................................................. 9

2.1.1

Poplar Yield ......................................................................................................... 9

2.1.2

Poplar Plantation Technologies and Base Cultivation Setting ................................13

2.1.3

Coppicing ............................................................................................................14

2.1.4

Process Unit Overview.........................................................................................15

2.1.5

Biomass Bubbling Fluidized Bed Boiler ...............................................................16

CHAPTER 3.
3.1

DATA AND METHODOLOGY ..................................................................17

Poplar Plantation Model ..........................................................................................17

3.1.1

Plantation Field Data............................................................................................17

3.1.2

Model Design ......................................................................................................20

3.1.3

Stochastic Parameters ..........................................................................................42

3.2

Power Generation Model .........................................................................................46

3.3

Life Cycle Assessment (LCA) Model .......................................................................49

vi
3.3.1

Poplar Plantation Emissions .................................................................................51

3.3.2

Bio Power Plant Emissions ..................................................................................55

3.3.3

Biogenic Carbon Emissions..................................................................................55

3.3.4

Emission Analysis Scenarios ................................................................................57

CHAPTER 4.
4.1

RESULT......................................................................................................59

Deterministic Economic Results...............................................................................59

4.1.1

Poplar Model Deterministic Result .......................................................................59

4.1.2

System Deterministic Result ................................................................................61

4.2

Stochastic Economic Result .....................................................................................63

4.2.1

Poplar Model Stochastic Result ............................................................................63

4.2.2

System Stochastic Simulation Result ....................................................................64

4.3

Environmental Emission Result ...............................................................................65

CHAPTER 5.
5.1

ANALYSIS .................................................................................................67

System Optimization ...............................................................................................67

5.1.1

Background on Poplar Production and Consumption.............................................67

5.1.2

Optimization Model and Method ..........................................................................69

5.1.3

Optimization Results and Implications..................................................................75

5.2

Carbon Tax Policy Analysis.....................................................................................79

5.2.1

Carbon Tax Policy and Indiana Power Sector .......................................................79

5.2.2

Biopower Plant System Emissions........................................................................84

5.2.3

Carbon Tax Estimation and Implications ..............................................................84

5.3

Sensitivity Analysis .................................................................................................88

5.3.1

Land Type Study Description ...............................................................................88

5.3.2

Land Type Analysis Results .................................................................................89

CHAPTER 6.

DISCUSSION ..............................................................................................93

REFERENCES.......................................................................................................................96
APPENDIX A. THE SELECTED POPLAR CULTIVARS.................................................... 105
APPENDIX B. POPLAR HIGH HEATING VALUE ............................................................ 106
APPENDIX C. PRODUCER PRICE INDEX ADJUSTMENT............................................... 107
APPENDIX D. POPLAR BIOGENIC CO2 EMISSION COMPARISON ............................... 108
APPENDIX E. @RISK OPTIMIZER TRIALS (β) ................................................................ 109

vii
APPENDIX F. LAND TYPE STOCHASTIC DISTRIBUTION............................................. 110

viii

LIST OF TABLES

Table 2.1 Summary of Field Experiment of SRC Poplar............................................................ 9
Table 2.2 Yield Changes in the Second Harvest from the First Harvest. ....................................11
Table 2.3 Literature Review of Changing Yield Rate after a Second Harvest. ...........................12
Table 2.4 Literature Review of Realization of Yield Gap in Field. ...........................................13
Table 3.1 Harvest Yield of SWPAC (First Cut)........................................................................18
Table 3.2 Yield Gap Adjusted Harvest Yield of SWPAC (First Cut).........................................19
Table 3.3 The Final Poplar Yield Parameter of Southern Indiana (Second Cut). ........................19
Table 3.4 Scheme of Planation and Plant Operation. ................................................................21
Table 3.5 Land Size Estimation for Poplar Plantation...............................................................24
Table 3.6 Biomass Production and Demand Quantity...............................................................25
Table 3.7 Plantation Operational Assumptions.........................................................................29
Table 3.8 Fertilization Input (N, P, and K) Application Rates. ..................................................30
Table 3.9 Chemical (herbicide and insecticide) Input Application Rates. ..................................30
Table 3.10 Harvesting Operational Assumption. ......................................................................35
Table 3.11 Transportation Assumptions...................................................................................39
Table 3.12 Field Agronomic Parameters..................................................................................40
Table 3.13 Field Price Parameters. ..........................................................................................41
Table 3.14 Poplar Field Cost Breakdown.................................................................................41
Table 3.15 Poplar Model Financing Assumption......................................................................42
Table 3.16 Indiana poplar yield projection. ..............................................................................43
Table 3.17 Stochastic Distribution of Yield. ............................................................................45
Table 3.18 Moisture Content Risk Truncate Bounds. ...............................................................46
Table 3.19 BBFB P lant Total Project Cost Breakdown (U.S. DOE, 2016). ...............................47
Table 3.20 Capital Cost Estimation. ........................................................................................47
Table 3.21 Power Plant Economic Conditions. ........................................................................48
Table 3.22 Biopower Plant O&M Cost Estimation. ..................................................................49
Table 3.23 Poplar Plantation Resource Consumption. ..............................................................52
Table 3.24 Poplar Production Emission Coefficients. ...............................................................54
Table 3.25 GREET Assumptions in GHG Emissions of Poplar-Power Pathway........................56

ix
Table 4.1 Poplar Deterministic Break-even Price and Sales Price Estimation. ...........................60
Table 4.2 The Deterministic NPV Result with Biomass Price of $127.5/dry ton Poplar. ............61
Table 4.3 The Deterministic System NPV Result with Power Price of $0.0367 kWh. ................62
Table 4.4 The Deterministic System Break-even......................................................................62
Table 4.5 Financing And Tax Effects on Deterministic System Break-even Price. ....................62
Table 4.6 Stochastic Parameter Numbers per Iteration. ............................................................63
Table 4.7 Poplar Break-even Statistics.....................................................................................64
Table 4.8 System Break-even Statistics. ..................................................................................65
Table 5.1 Optimization Result and Comparison. ......................................................................77
Table 5.2 2017 Indiana EGUs Pathways’ Power Generation and GHG Emission Rate...............82
Table 5.3 2017 Indiana Total GHG Emission by Power Pathways. ...........................................83
Table 5.4 System Break-even Inducing Carbon Tax. ................................................................86
Table 5.5 Poplar Biopower Plant Feasibility Changes with Carbon Taxes. ................................87
Table 5.6 Land Type Sensitivity Analysis Summary. ...............................................................90

x

LIST OF FIGURES

Figure 1.1 U.S. GHG Allocated To Economic Sectors (MMT CO2 Eq.). ................................... 1
Figure 1.2 Top 5 Electricity Generation and Consumption per Capita. ....................................... 2
Figure 1.3 Primary Energy Sources of Indiana Electricity Generation (1990-2015). ................... 3
Figure 1.4 Renewables Share of Indiana electricity generation (1990-2015)............................... 4
Figure 1.5 The Potential Poplar Yield Map (NREL Atlas). ........................................................ 6
Figure 1.6 Biomass Power System Types. ................................................................................ 7
Figure 1.7 System Boundaries of This Study. ........................................................................... 8
Figure 2.1 BBFB Design Configuration (U.S. DOE, 2016).......................................................16
Figure 3.1 Base Case Chip Sales Price Assumption..................................................................26
Figure 3.2 Operational View of a Harvester and Collection Vehicle (EcoWillow 2.0). ..............31
Figure 3.3 Harvest-Cycle Diagram (Eisenbies et al., 2004).......................................................34
Figure 3.4 Poplar Field Data Dry Weight Distribution..............................................................43
Figure 3.5 Distribution of Mean and Standard Deviation of Harvest Yield. ...............................44
Figure 3.6 Distribution of the Poplar Field Moisture-Content Data. ..........................................45
Figure 3.7 Biogenic Carbon Emission in Bioenergy Sector (Smith et al. 2016). ........................50
Figure 3.8 GREET Poplar Production Pathway: Input Resource Modification Process. .............53
Figure 4.1 Total NPV Costs Breakdown (Poplar Plantation).....................................................60
Figure 4.2 The System NPV Costs Breakdown (Poplar and Power System). .............................61
Figure 4.3 Poplar Stochastic Price Distribution. .......................................................................64
Figure 4.4 System Break-even Price Distribution. ....................................................................65
Figure 4.5 LCA Emission Change through Time......................................................................66
Figure 4.6 System Net GHG Emissions of Two Scenarios (CO2 eq. g/kWh). ............................66
Figure 5.1 Biomass Production and Consumption Concept.......................................................68
Figure 5.2 Optimization Case Chip Sales Price Options. ..........................................................69
Figure 5.3 Optimization Case Studies; System Break-even Price Comparison...........................78
Figure 5.4 The Fuel Composition of Indiana Power Sector in 2017...........................................80
Figure 5.5 The Emission Factors of EGUs in Indiana (2017). ...................................................81
Figure 5.6 Carbon Tax Rate Making Biopower Plant System Feasible. .....................................86
Figure 5.7 Three Land Types’ Needed Land Area....................................................................88

xi
Figure 5.8 Three Land Types’ Land Costs. ..............................................................................89
Figure 5.9 Poplar Plantations Cost Breakdown (Land Type Analysis).......................................90
Figure 5.10 Biopower Plant Operations Cost Breakdown (Land-Type Analysis). ......................91
Figure 5.11 System Break-even Price Stochastic Analysis Results............................................92

xii

LIST OF ABBREVIATIONS

BBFB

Biomass Bubbling Fluidized Bed

CA

Combined Cycle Steam part

CAP

Criteria Air Pollutants

CT

Combined Cycle Combustion Turbine

EGU

Energy Generating Unit

GHG

GT

Greenhouse Gas
Greenhouse-gases, Regulated Emission,
and Energy Use in Transportation
Gas Turbine

GWP

Global Warming Potential

HHV

High Heating Value

HY

Hydroelectric Turbine

IC

Internal Combustion Engine

IRR

Internal Rate of Return

LCA

Life Cycle Assessment

LHV

Low Heating Value

NPV

Net Present Value

PV

Photovoltaic

SRC

Short Rotation Coppice

ST

Steam Turbine

SWPAC

Southwest Purdue Agricultural Center

WT

Wind Turbine

GREET

xiii

ABSTRACT

Author: Jeong, Dawoon,. MS
Institution: Purdue University
Degree Received: August 2018
Title: Stochastic Techno-Economic Analysis of Electricity Produced from Poplar Plantations in
Indiana
Committee Chair: Wallace E. Tyner
This study evaluates the feasibility of a 100% biomass direct firing biopower plant in
Indiana. As a major biomass fuel, short-rotation coppice (SRC) poplar (Populus spp.) is chosen
because of its high biomass productivity. The poplar plantation yield and moisture content data
were collected from an actual field trial conducted in southern Indiana (Southwest Purdue
Agricultural Center, SWPAC) beginning in 2013. Biomass Bubbling Fluidized Bed (BBFB)
boiler and steam-turbine technology is used as the electricity-generating unit. For the three
stochastic parameters (yield, moisture content, and planting costs), we estimate the system breakeven price distribution through Monte Carlo simulation. We find that the biopower plant is not
economically feasible in Indiana, as the estimated system break-even price (21.1 cents/kWh) is
six times higher than the current wholesale electricity price in Indiana.
Given this infeasible project condition, we find a few strategies to improve system
economics. First, we estimate the optimal biomass production level to lead to the least breakeven price is 0.8% more than the power plant’s biomass demand, with the possibility of
purchasing woodchips from the market. Second, we find that the system break-even price could
be lowered by 1 cent/kWh when a woodchip market is available, compared to the non-market
condition. Third, selecting excellent land (high yield and expensive land cost) mitigates the
system break-even price estimation risks. However, the opportunity cost of such land likely
prohibits its use.
Our LCA analysis shows the net emissions of this biopower plant is negative (-1.28kg/kWh)
because of the SRC carbon sequestration. Based on this net emission, a carbon tax above $90/ton
CO2 equivalence can make the biopower plant competitive with other power plants (coal and
natural gas) in Indiana.
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CHAPTER 1.

1.1

INTRODUCTION

Electricity Industry Overview
In the United States, the electricity sector accounts for the largest share of greenhouse gas

(GHG) emissions with about 29% of total, followed by transportation at 27%, and industrial uses
at 21% (U.S. EPA, 2017). According to the same report’s Table ES-6, electric power plants
produced 1,940 million metric tons of CO2 equivalent emissions in 2015, and 70% of these
emissions were derived from coal combustion. Although there were significant environmental
impacts from coal-fired power plants in 2015, coal-derived electricity was only about 33% of the
total generation at utility-scale facilities (Electric Power Monthly, EIA, 2018 1). For years, utilityscale net generation for electric power in the U.S. has maintained its production level around
4,000 TWh per year. However, in spite of the relatively constant generation level, GHG
emissions from the electricity sector have been decreasing, as shown in Figure 1.1. This trend
has been due to substitution of coal with other fuels with less carbon density, such as natural gas
and renewable fuels (U.S. EPA, 2017).

Figure 1.1 U.S. GHG Allocated To Economic Sectors (MMT CO2 Eq.). Adapted from
“Inventory of U.S. Greenhouse Gas Emissions and Sinks, Figure ES-14 (U.S. EPA, 2017)”.

1

https://www.eia.gov/electricity/monthly/epm_table_grapher.php?t=epmt_1_01

2
However, despite a downward trend of GHG emissions, the U.S. electricity industry is one of
the top GHG emitters in the world. According to EIA’s international energy statistics (2015) 2,
the U.S. is the second highest electricity-generating nation (4,097 TWh) globally, followed by
China with about 5,582 TWh (Figure 1.2). When we look at energy consumption per capita, the
order of nations changes. Based on the electric power consumption data obtained from the World
Bank 3, Canada is now the highest electricity-consuming country per capita, but the U.S. still is
second highest, whereas China has a relatively low level of per capita consumption.
Nevertheless, the GHG emissions associated with electricity generation in the U.S. is significant
both in total and per capita.

Figure 1.2 Top 5 Electricity Generation and Consumption per Capita.
1.2

Electricity Generation in Indiana
Today there various energy sources and technologies are used to generate electricity,

including coal, natural gas, solar, and wind. Indiana, though, relies heavily on fossil fuels.
Among the power plants operating in Indiana, eight out of the 10 largest power utility plants are
a conventional steam coal power plant with a combined nameplate capacity of 14.7 TW (2016
Form EIA-860 data). Until 2010, more than 90% of total electricity generated in Indiana was

2
3

https://www.eia.gov/beta/international/rankings/#?prodact=2-12&cy=2015
https://data.worldbank.org/indicator/EG.USE.ELEC.KH.PC?view=map

3
used from coal. Although there are recent expansions in power generation, such as increases in
natural gas, as shown in Figure 1.3 (2016 Form EIA-860 data), fossil fuels are still dominant
sources of energy in Indiana.

Figure 1.3 Primary Energy Sources of Indiana Electricity Generation (1990-2015).

Figure 1.4 shows that 5.3% of total electricity generated in 2015 came from renewable
sources (2016 Form EIA-860 data). From this graph, it can be seen that though the absolute
contribution is small, there has been rapid growth in renewable sources in recent years. The
renewable electricity in Indiana is mostly from wind. With respect to the future electricity
portfolio in Indiana, however, more diverse renewable energy sources would help to further
decarbonize the electricity sector.
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Figure 1.4 Renewables Share of Indiana electricity generation (1990-2015).
1.3

Biopower Generation
As a potential renewable energy source for Indiana, this study examines the economic and

environmental capabilities of biopower plant technologies, using poplar material as a feedstock.
Through a brief introduction regarding biopower plants in this chapter, we will explain the
rationale of considering this as a future energy option.
Biopower is a pathway to generate electricity by using biomass as an energy source. There
are several advantages of biopower technology, but there are mainly two factors that make
biopower an attractive renewable option. First, biomass can include a wide range of materials,
such as herbaceous biomass (e.g., corn stover) and woody biomass (e.g., poplar and willow). In
addition, biopower conversion technology is considered to be one of the most mature
technologies, based on its numerous success in commercial-scale operations (U.S. DOE, 2010).
1.3.1

Potential Benefits

The primary incentive for the biopower pathway is its significant reduction of GHG
emissions compared to conventional fossil fuel generation. Djomo et al. (2011) reviewed 26
studies on bioenergy production from short-rotation coppice (SRC) and observed that woody
crops could contribute 24 times lower GHG emissions on average, compared to coal. Allen
(2011) argued that the GHG reduction effect could be larger if the CO2 emitted during
combustion were sequestered. In addition to the environmental effects, there are other benefits
that make biopower an attractive option, such as increasing energy security through diversified

5
energy supplies and revitalizing rural economies with job opportunities (Wiltsee, 2000).
Furthermore, biomass feedstock is a reliable resource; whereas other renewable sources, such as
wind and solar, often hinder reliable system operations due to their intermittent nature, biomass
feedstock can provide more consistent, year-round supply.
1.3.2

Potential Challenges and Concerns

The lack of information on investment profitability and associated risks remain barriers to
new investment in biopower plants. Economic analyses become more complex with various
combinations of feedstock and conversion technologies, because each pathway is likely to
require different investment and operating costs. In addition, one of the key concerns is the
quantity of feedstock availability, given the plant size (U.S. DOE, 2010). Unlike fossil fuels,
biomass yields vary at different times and in various regions, because they are largely affected by
environmental conditions, including growing conditions and soil types. Therefore, plant load
capacity and feedstock availability must be carefully coordinated before investment decisions are
made regarding biopower plant systems. There also could be a concern over potential land-use
change (LUC) and deforestation.

1.4

Pathway Description

1.4.1

Feedstock

We chose SRC poplar as the main biomass feedstock because of its high yield and rapid rate
of recovery following harvest. In addition, SRC poplar is expected to grow well in many parts of
Indiana, according to the National Renewable Energy Laboratory (NREL) Biopower Atlas
database 4. As shown in Figure 1.5, Indiana is one of the promising areas with respect to poplar
yield.

4

https://maps.nrel.gov/biopoweratlas/?aL=0gBHTu%255Bv%255D%3Dt&bL=clight&cE=0&lR=0&mC=40.21244%2C-91.625976&zL=4
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Figure 1.5 The Potential Poplar Yield Map (NREL Atlas).
1.4.2

Combustion Technology

There are several possible pathways to combust biomass as seen in Figure 1.6. Broadly, there
are two power-generating methods. The combustion method burns biomass to produce heat for
turning a steam-turbine, whereas gasification systems produce syngas, which is a combination of
hydrogen and carbon monoxide, to operate gas turbines to generate electricity. Gasification
methods can be promising because of its high efficiency and the value of the co-products;
however, it is not yet technically mature (Bain et al., 2013). The current dominant technology,
therefore, is combustion. In this method, biomass can be either a sole source of energy (direct
firing) or co-fired with coal in the boiler. Co-firing systems may have better economics because
only incremental investment is needed to retrofit existing coal-fired plants (IRENA, 2013).
However, sole firing biomass systems will likely be more effective to achieve higher emission
reductions (Allen, 2011).
In biomass sole firing combustion, two boiler types are used to generate heat: a conventional
stoker boiler and a fluidized bed boiler. Between the two, a fluidized bed boiler is more energyefficient and controls emissions more stringently than the stoker boiler, due to the long residence
time and high mass transfer (U.S. EPA, 2007). In the context of fluidized bed boilers, the
difference between bubbling bed and circulating bed boilers is the fluidization velocity (U.S.
EPA, 2007). Therefore, the type of boiler is determined based on the expected energy properties
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of the biomass of interest. For biomass with higher heating values, circulating bed boilers work
well; however for biomasses with lower heating values (i.e. poplar biomass), the bubbling bed is
more suitable (U.S. EPA, 2007). Moreover, even though circulating bed boiler has been
increasing its market, bubbling bed boiler maintains market with commercial maturity
(Koornneef et al., 2007). Thus, in this study, we use a direct-firing system with a bubbling
fluidized bed boiler type because of its low emissions and technical readiness.

Figure 1.6 Biomass Power System Types.
1.5

Problem Statement
Indiana has the potential to produce SRC poplar biomass, and biopower plant technologies

are ready to be used; however, there are no biopower plants currently operating in Indiana.
Therefore, the feasibility of Indiana biopower plants needs to be studied to quantify the
investment potential.
In the literature, there are no reports of biopower plant feasibility studies involving the use
of biomass for power generation. There are studies exploring the economics of SRC biomass
plantations (Hofmann-Schielle et al., 1999; Young, 2016), and some studies examining the
economics of biopower generation systems (Allen, 2011; Dassanayake and Kumar, 2012; Kumar
et al., 2008). However, to the best of our knowledge, none of the literature has evaluated the
biopower plant economics from field to grid. This systematic approach is necessary to truly
examine the economics of biopower plants because it is not realistic to assume that such a large
volume of biomass is readily available.
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1.6

Objective Statement
The objective of this study is to examine the feasibility of a biopower plant in Indiana, using

SRC poplar biomass as a feedstock. The power plant being considered will be a direct-firing type
with a fluidized bubbling bed boiler-steam turbine. Thus, the system of this study incorporates
two subsystems: a poplar plantation and a power plant. By combining the separate economic
analyses of each subsystem, integrated system economics can be analyzed. We include all costs
and benefits associated with any interim processes, such as planting poplar trees and selling
electricity. The final findings will reveal various economic metrics, such as net present value
(NPV) and the break-even price. This study will also involve the use of stochastic analysis in
order to integrate the agronomic uncertainty, such as poplar yield and moisture content, as well
as cost uncertainty. In addition, the environmental emissions will be estimated to analyze the
biopower project’s economics in an environmental policy context.

Figure 1.7 System Boundaries of This Study.
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CHAPTER 2.

LITERATURE REVIEW

This literature review summarizes relevant information need to better understand this SRC
biopower plant project. Because poplar plantations and electricity generation are key factors in
this study, this section is divided into two parts. First, a review on the general characteristics of
poplar plantations will be presented. Second, a technological review of biopower plant units will
be provided.

2.1

SRC Poplar Plantation

2.1.1

Poplar Yield

Yield is an essential economic factor affecting both poplar plantations and plant operations,
as plantations are a long-term commitment for growers, and sustainable supply of biomass is
required for the power generators. With respect to SRC plantation economics, Buchholz and
Volk (2011) demonstrated a 3% increase in internal rate of return (IRR) by increasing yield from
10 to 14 Mg-1ha-1, whereas it becomes infeasible when decreasing yield to 8 Mg-1ha-1. Despite its
importance, however, there exists a large variability in poplar yield, as shown by various field
experiments (Table 2.1).
Table 2.1 Summary of Field Experiment of SRC Poplar.

*

Location

# of
genotypes

Harvesting
year

Planting
density
(cuttings/ha)

Yield
(dry ton/ ha/yr)
[median]

England

3

2

10,000

1.7~9.6[3.35]

England

3

2

2,500

1~6.6[1.85]

England

3

4

10,000

4.4~13.6[7.55]

England

3

4

2,500

3.6~9.7[4.75]

Belgium

17

3

10,000

1.6~9.7

Canada

10

4

18,000

16.6~18.05[17.3]

England*
Italy

16
1

3
3

10,000
10,000

2.94~9.08[6.7]
8.9**

Reference
(Armstrong et al.,
1999)
(Armstrong et al.,
1999)
(Armstrong et al.,
1999)
(Armstrong et al.,
1999)
(Laureysens et al.,
2004)
(Labrecque and
Teodorescu, 2005)
(Aylott et al., 2008)
(Guidi et al., 2008)

England, Belgium, Canada, Sweden, Northern Ireland, Finland, **Unfertilized condition
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2.1.1.1 Planting Density and Harvesting Frequency
As shown in Table 2.1, poplar biomass yields vary depending on planting density and
harvesting frequency. Hansen (1991) found that shorter rotations have better yield because of
lower risks of growth reduction or disease mortality. Proe et al. (2002) reported that wider
spacing leads to a reduction of biomass yield. In fact, planting density is closely related to
harvesting frequency, and, as such, these two practices can jointly affect yield 5. Plants make
optimal use of the available resources when their growth rates reach the carrying capacity, at
which the growth rates of the plants level off 5. Therefore, maximum yield can be achieved with
higher planting densities but only up to the carrying capacity, and more frequent harvesting.
Bullard et al. (2002) demonstrated that densities up to 111,000 plants per ha and more
frequent harvesting could lead to higher biomass yield. These yield increases were explained by
the phenotypic properties of the plants to that allow them to sustain height growth even with tight
spacing, although self-thinning responses could limit an individual plant’s growth, as a result of
light competition. However, the authors also pointed out that higher planting costs associated
with dense planting can offset the benefit of higher yield. In general, planting densities of
15,000-18,000 stems per ha, and two- to four-year harvesting frequencies have been widely
adopted in SRC poplar plantations (Bullard et al., 2002; Kfcecarp and Shield, 2008). In this
study, we apply a three-year rotation cycle with a planting density of 18,000 plants per ha in
order to have a high yield and help to ensure economic competitiveness.
2.1.1.2 Yield Variance through Time
When using poplar biomass as feedstock, long-term yield is valuable information because
changes in yield may alter the feasibility of the project. Table 2.2 summarizes the yield results
over the course of two rotation cycles. It can be seen that yield changes from the first harvest to
the second harvest. In general, higher yield can be expected in the second harvest than in the
first, although two studies decreased yield in the second harvest. This is because resources (water
and mineral nutrients) can be used more effectively for plant growth in the second harvest
compared to the first, when a significant amount of resources are used to establish a root system
rather than volumetric stem growth. This is consistent with the findings of Verlinden et al.

5

Dr. Richard Meilan, Purdue University. E-mail correspondence, January 16, 2018.
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(2015) who showed a higher basal increment, a higher number of shoots per tree, and a higher
diameter of the thickest shoot during the growth that occurred after the first harvest.

Table 2.2 Yield Changes in the Second Harvest from the First Harvest.

Willow
Willow
Willow
Willow
Willow
Willow
Willow
Willow
Willow
Willow
Poplar
Poplar

First harvest
yield
(Mg/ha/yr)
6.0
6.4
7.5
8.3
8.8
9.9
9.9
15.5
9.6
8
1.4-6.8
10.3

Second
harvest yield
(Mg/ha/yr)
6.8
8.9
10.6
9.7
8.6
12
10.5
16.6
10.3
9.84
3.6-8.2
14.2

U.S.

Poplar

4.4

6.9

59

Italy

Poplar

24

18.67

-22

(McCracken et al., 2011)
(Mitchell et al., 1999)
(Willebrand et al., 1993)
(Aylott et al., 2008)
(Bullard et al., 2002)
(Lindegaard et al., 2011)
(Lindegaard et al., 2011)
(Kopp et al., 1997)
(Sleight et al., 2016)
(Volket al., 2011)2
(Liesebach et al., 1999)
(Paris et al., 2010)
(Wang and MacFarlane,
2012)
(Nasso et al., 2010)3

Belgium

Poplar

2.96

7.84

165

(Damme, 2017)

Study
location

SRC
type1

UK
UK
Sweden
UK
UK
UK
UK
U.S.
U.S.
U.S.
Germany
Italy

Increase
(%)
14.2
39.1
40.7
17.5
-1.3
21.9
6.1
7.2
7.9
23
44
38

Reference

1

SRC willow literature review was derived from Sleight et al. (2016)
Four commercial clones
3
Three-year rotation
2

However, in the literature, no consensus exists for predicting SRC yield after the third
rotation. Afas et al. (2008) observed an increasing trend in biomass yield over three rotation
cycles, although the increment within the rotation became smaller. Damme (2017) also
hypothesized that higher yield might be expected in other rotation cycles. However, there is also
an observation of yield decreasing over multiple rotations (Nasso et al., 2010; Pontailler et al.,
1999). Table 2.3 shows the percent change in yield reported from the literature.
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Table 2.3 Literature Review of Changing Yield Rate after a Second Harvest.
Case

Increment

Source

Increasing case

3%

(Volk et al., 2011)

9%

(Afas et al., 2008)

47%

(Damme, 2017)

-39%

(Nasso et al., 2010)

-11%

(Pontailler et al., 1999)

Decreasing case

2.1.1.3 Yield Gap between Experiments and Commercial Plantings
It is common to first conduct yield studies for agronomic practices in plot fields, and then
attempt to apply them to large-scale commercial plantings. However, in some cases commercial
plantings don’t produce the same yield as the research trials (Kravchenko et al., 2017; Wiskerke
and Ploeg, 2004). In the agronomic literature, this phenomenon is known as a ‘yield gap’. In
contrast to research stations, where crops are grown under controlled conditions, commercial
farming usually done with limited technical input (Wiskerke and Ploeg, 2004). As a result, lower
yields are often observed in commercial plantings, relative to those obtained from experiments.
Although some farms have excellent experts and do not experience a reduced yield for that
reason, yield gap assumption can help biomass production to be designed conservatively. Table
2.4 summarizes yield gaps from the literature that is, on average, only 63% of the expected yield
were obtained in the real farming situations. Therefore, 37% of yield gap effect needs to be
incorporated to have more realistic yield expectation in farms.
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Table 2.4 Literature Review of Realization of Yield Gap in Field.
Crop

Region

Field yield compared
to experiment yield

Maize
Cotton
Rice
Maize
Maize

China
India
India
U.S.
Kenya

48-56%
86%
66%
40-56%
60%

Switchgrass
U.S.
Average

87%
63%

Reference
(Meng et al., 2013)
(Lobell et al., 2009)
(Lobell et al., 2009)
(Lobell et al., 2009)
(Ittersum et al., 2013)
(Adler et al., 2006)

2.1.1.4 Soil Quality and Yield
Inference about the positive impact of nutrient soil conditions on biomass yield can be made
from the reviewed literature, but it is difficult to define the explicit physiological mechanisms or
conditions to explain the observed changes in yield. The three main soil characteristics that affect
yield are: soil nutrients, soil moisture, and soil type. In exploring the nutritional effect on yield,
Laureysens et al. (2004) found a negative correlation between biomass production and available
soil nutrients, specifically magnesium and potassium. However, they could not explain the
unambiguous impact of soil properties across genotypes. Verlinden et al. (2013) found that low
mortality could be attributed to nutrient-rich conditions as a result of former agricultural
activities. Allen et al. (1999) looked at soil moisture content in relation to yield. They argued that
due to the high productivity of SRC plants, plant demand for water is likely to be high and, if so,
SRC plantation will be particularly sensitive to soil moisture content. In regard to soil types,
Deckmyn et al. (2004) found that sandy soil reduces poplar growth. Larsen et al. (2016) found
that year-to-year SRC willow yield was highly variable on sandy soils. The same study also
found generally higher yields on clay-rich soil. Bullard et al. (2002) reported a yield increase (1 t
ha-1yr-1) on a mineral soil, compared to a peaty-loam soil.
2.1.2

Poplar Plantation Technologies and Base Cultivation Setting

Under SRC, stick (i.e., vegetative propagule) costs contribute heavily to high establishment
costs because of the dense plantings. Planting costs can be reduced through lower stick prices or

14
by minimizing mortality rates after the sticks are planted. In the literature, first-year stick
survival of at least 80% was considered successful (Volk et al., 2004). For planting to be most
successful, experts recommend that sticks be harvested from one-year-old trees that are in a
dormant state, and stored at -4 ℃ to limit shoot and root formation and slow respiration rates
(Volk et al., 2004). The standard recommendation is to remove sticks from long-term storage 2-4
days before planting and keep them in a cool (+2 to -4 ℃) and shady place in sealed plastic bags,
although there is variability in the ideal storage conditions among hybrids (Volk et al., 2004). For
small-scale experimental plantings, keeping sticks in a cool storage facility may not be
problematic. However, for large-scale plantings, providing on-site central storage facilities for
the sticks 2-4 days before establishment may be problematic (Volk et al., 2004). Therefore,
supplementary storage units may be needed on-site for delivered sticks to remain in a dormant
condition prior to planting.
2.1.3

Coppicing

In silviculture, coppice can be defined as the production of new shoots by recently-cut stools
(Jarman and Kofman, 2017). This re-sprout ability after damage is a natural adaptation of woody
plantations. After coppicing, poplar trees experience rapid regrowth with 5-25 shoots per stump
(Verlinden et al., 2015). The coppice usually can occur between 10 and 30 years depending on
various interests such as rate of growth, species and location (Jarman and Kofman, 2017) . As
one of examples of coppicing, short rotation coppice (SRC) has been introduced to some fast
growing tree species (e.g. willow and poplar) with a shorter lifespan of coppice shoots between
one to three years. When a harvest is done, coppiced SRC trees start replenishing shoots and
subsequent harvests continue approximately 4-8 times until the end of the project without replanting (Dimitriou et al., 2014; Laureysens et al. 2004). Thanks to this fast and abundant
biomass production, SRC is considered suitable as biomass feedstock for energy generation.
The special characteristics of SRC trees—fast growing and fast harvesting—also provide
significant environmental benefits as well (Budsberg et al. 2012; Heller et al., 2003). In fact,
bioenergy’s environmental benefits are controversial in policies and literature. Although
bioenergy was developed initially to reduce the atmosphere CO2, some studies found that it may
not fulfill its GHG reducing purpose. According to the recent study (Sterman et al.,2018), wood
bioenergy can be even worse CO2 emitter than fossil-fuel power plant in the short-run due to the
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long forest regrowth period. The author explained that the only possibility of positive
environmental effects of biopower plants are when the net primary carbon stock from the regrowing plants rise above the carbon flux from biomass and soils to the atmosphere. However,
the two tree species used in this study, oak-hickory and shortleaf loblolly, have slow rates of
growth, which are more than a century for oak and 30 years for shortleaf loblolly. Using SRC,
therefore, may be able to yield carbon benefits sooner as they grow to their maximum biomass
within three years. In addition, contrary to shortleaf loblolly pine trees which is not suitable for
coppicing (Zalesny et al., 2011), the SRC’s repeated growth will allow plants to keep much
higher carbon in biomass and soil.
Moreover, this study showed that the carbon relationships between various carbon stocks
such as such as soils and dead organic matter, atmosphere, and biomass will ultimately determine
the bioenergy’s carbon benefits. For example, when the soil carbon concentrations are originally
high on the planting lands, the carbon offset effect associated with growing biomass feedstock
may be relatively small because of high carbon flux of soil. Therefore, the accrual carbon
benefits need to be studied in a regional specific conditions to incorporate carbon flux
differences.
2.1.4

Process Unit Overview

A biomass bubbling fluidized bed (BBFB) boiler steam-turbine power generating facility
consists of a biomass combustor, a boiler, and steam turbine, as depicted in Figure 2.1. In the
biomass combustor, fuels are combusted and, as a result, heat is generated. This heat is used to
produce steam, which is used to turn a steam turbine to generate electricity.
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Figure 2.1 BBFB Design Configuration (U.S. DOE, 2016).

2.1.5

Biomass Bubbling Fluidized Bed Boiler

In a BBFB combustor, an inert bed material, usually silica sand, is pre-heated to a fluidized
state by an upward flow of air injected from the bottom of the combustor (U.S. EPA, 2007).
When biomass fuel is fed into the fluidized bed of the furnace, it is quickly burned and releases
heat to generate steam in the boiler. The steam, in turn, is used to drive a turbine to generate
electricity (U.S. EPA, 2007).
A BBFB has several advantages, including biomass fuel flexibility, high combustion
efficiency, and low emissions (Hadera). Due to efficient mixing in the combustor, even biomass
with a high moisture and low calorific content can be utilized in the BBFB facility (Sjaak Van
Loo). In addition, the long residence time and high mass transfer of a BBFB plant allow fuel
combustion to occur at lower temperatures, resulting in lower nitrogen oxide (NOx) emissions
(U.S. EPA, 2007). Although sulfur dioxide (SO2) emissions are not a main concern in wood
feedstock because of the low sulfur content of lignocellulosic materials, limestone can be added
to the bed, if sulfur contamination needs to be controlled (Loo and Koppejan, 2012; U.S. EPA,
2007). Also, the combustion method can be used for large-scale applications (above 20MW)
(Loo and Koppejan, 2012).
However, a disadvantage of fluidized-bed combustion is that it has a start-up time of
approximately 8-15 hours (Loo and Koppejan, 2012). In addition, ash accumulation can hinder
efficient operation, and lost bed material with ash removal can make periodical bed changes
necessary (Loo and Koppejan, 2012).
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CHAPTER 3.

DATA AND METHODOLOGY

This chapter introduces poplar yield data used throughout the study, which was derived from
a field study conducted in southern Indiana. These yield data were used to design the poplar
plantations needed to produce sufficient biomass to operate the power plant. The power plant
data was obtained exclusively from a U.S. DOE report (2016). Following a description of the
data, the methodology used to analyze the biopower plant’s feasibility will be described.

3.1

Poplar Plantation Model

3.1.1

Plantation Field Data

Yield and moisture content
The aforementioned SRC poplar field study was designed and installed in 2010 by Dr.
Richard Meilan in the Department of Forestry and Natural Resources at Purdue University. The
field site, the Southwest Purdue Agricultural Center (SWPAC), is located in southern Indiana,
approximately five miles north of Vincennes. In the experiment, 60 hybrid-poplar genotypes
were planted in a randomized block design. The study, which was about three acres in size and
consisted of four blocks, examined the effects of irrigation and fertilization. Each of three blocks
received one of the following treatments: irrigation only, fertilization only, and both irrigation
and fertilization; the fourth block received no treatment. Poplar trees were established at a
density of approximately 2,200 stems per hectare. At the end of the second growing season, there
were no significant differences in growth between blocks, so treatments were discontinued. After
the third growing season, half of the trees (even-numbered rows) were harvested. Prior to and
immediately after the harvest, height and diameter at breast height (DBH) of whole-tree weights
were taken. After this, three ~5-cm transverse sections—bottom, middle and top—were removed
from each tree and weighed on a digital balance. The samples were bagged, transported to the
lab, and then oven-dried before being reweighed, in order to determine the moisture content of
each section (Eq. 1). The moisture content of a tree was calculated as a mean of the moisture
content of its three sections, as in Eq. 2.
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Moisture contentbottom=

Wet weightbottom-Dry weightbottom
Wet weightbottom

Moisture contenttree=Σ(Moisture contentsection)/3

(1)

(2)

The dry mass of a tree was calculated by deducting the estimated moisture content from the
fresh whole-tree weight (Eq. 3).
Dry weighttree = Whole tree weight ×(1- Moisture contenttree)

(3)

We selected the best 15 genotypes based on the estimated yields. The mean yield (27.72 dry
tons per hectare) and moisture content (54.6%) of the selected genotypes were used as a
representative for our study. All of the yield and moisture content data of the selected genotypes
are listed in Appendix A. The mean yield value is considered the yield for the average land type,
because it is similar to the yield of average land used by Young (2016). In his study, three land
types (poor, average, and excellent) were used for the yield sensitivity analysis. He obtained
yield data on the different quality lands from GreenWood Resources (Portland, OR), which were
derived from commercially grown poplar trees. In our study, we used the same proportional
increments of yield used by Young analysis to represent different land types. The estimated
mean yield of each land type using those increments is presented in Table 3.1.
Table 3.1 Harvest Yield of SWPAC (First Cut).

Excellent land
Average land
Poor land
1

Mean
43.621
27.72
18.932

Unit
tons/ha
tons/ha
tons/ha

57% increase in yield from average land.
32% decrease in yield from average land.

2

Although we provide excellent and poor lands yield information in this section, the average land
will be used for the base case throughout the remainder of this study. In the sensitivity analysis in
Chapter 5.3, however, we will revisit a case study with excellent and poor lands to compare with
the results of average land.
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Yield adjustment
In addition, we employ two assumptions to adjust the yield data, in order to have a more
realistic yield for large-scale planting. First, a yield-reduction effect is considered, which is
known as a “yield gap” in the literature. As reviewed in Chapter 2, yield gap is a diminished
yield performance in actual farming practices compared to a controlled field study. Based on our
literature review, we found the average yield gap to be 37%. However, we note that the reviewed
literature consists mostly of studies of agricultural crops; coppiced poplar is most likely to be
less sensitive than agricultural crops 6. Taking this information into account, we assume a 15%
reduction rate. Table 3.2 shows the gap-adjusted yield values derived from the field data.
Table 3.2 Yield Gap Adjusted Harvest Yield of SWPAC (First Cut).

Excellent land
Average land
Poor land

Mean
37.07
23.56
16.09

Unit
tons/ha
tons/ha
tons/ha

Next, we consider yield increases expected from the second harvest relative to the first one as
found in the literature that was reviewed in section 2.1.1.2. Based on consultations with Dr.
Meilan, we will employ a 30% yield increase for the second and remaining harvests 7. The final
yields, after all adjustments, are presented in Table 3.3. These yields are used for the second and
subsequent cuts in our model7.
Table 3.3 The Final Poplar Yield Parameter of Southern Indiana (Second Cut).

Excellent land
Average land
Poor land

6
7

Mean
48.19
30.63
20.92

Unit
tons/ha
tons/ha
tons/ha

Meilan, Richard. “RE: Poplar plantation assumption” Received by Jeong, Dawoon, 6 February 2018.
Meilan, Richard. “RE: Question regarding poplar yield prediction in 2016 at SWPAC” Received by Jeong,
Dawoon, 26 February 2018.
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3.1.2

Model Design

In this section, we discuss the system design, which incorporates the poplar field study and
the power plant operation model. Including the whole system helps ensure smooth operations
throughout all years of its life. The general system operation plan is presented first, followed by
the poplar/power sub-model designs.
3.1.2.1 System Operation Plan
For the purposes of this study, biopower plant is assumed to have a 48-year lifespan.
Accordingly, the poplar field operation is designed to stably supply poplar chips. By allowing for
the three-year poplar growth period between harvests, three fields need to be operated
simultaneously, with one-third of the trees being harvested at one-year intervals. In addition, we
assume that there will be up to eight harvest cycles, as suggested in Dimitriou et al. (2014). This
means that after the eighth harvest, the trees will need to be replanted. We could do the
replanting either on the same land or on different sites. However, we will have three years
without harvests if we replant on the same site, because the first harvest will take place three
years after replanting. To avoid this complication, we can transition sites and overlap the
planting time on the fields for the second cycles, so that the harvests are consecutive. This
system design allows 48 years of plant operations without interruption, as seen in Table 3.4.
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Table 3.4 Scheme of Planation and Plant Operation.
Yr
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
···
···
50
51

Field 1
Soil prep
Plant

Field 2
Soil prep
Plant

Poplar model
Field 3
Field 1´

Field 3´

Soil prep
Plant

Harvest
Harvest
Harvest1
Harvest2
Harvest2
Harvest2
Harvest3
Harvest3
Harvest3
Harvest4
Harvest4
Harvest4
Harvest5
Harvest5
Harvest5
Harvest6
Harvest6
Harvest6
Harvest7
Harvest7
Harvest7
Harv8×

Soil prep
Plant

Harv8×

Plant
Harv8×

Plant
Harvest1
Harvest1
Harvest1
Harvest2
Harvest2
···
Harv8×

···
···
Harv8×

Harvest2
···
···
Harv8×

Total plant operation
×

Field 2´

Site clearing is included in the last harvest year

Power Plant
model
Construction 1
Construction 2
Construction 3
Op begins
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
···
Operating
Operating
Operating
48 years
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3.1.2.2 Land and Production Projection
Power plant feedstock demand
To decide the land area to be planted annually, we must first determine the amount of
biomass needed annually by the power plant. The power plant for our system, a 50 MW
biopower plant using a BBFB boiler and steam-turbine engine, adheres to the International
Organization for Standardization (ISO) specifications for a capacity and heat rate of 13,500
BTU/kWh (U.S. DOE, 2016). The annual power generation load is calculated using plant
capacity and load factor (60%) 8, as seen in Eq. 4. In addition, the annual heat required is
calculated using heat rate and total power load (Eq. 5). Throughout the study, unless otherwise
stated, ton refers to a U.S. short ton.

Power output (per year) = 50MW × Load factor (0.6) × 8,760 hour/year

(4)

= 262,800 MWh/year

Heat needed (year) = 262,800,000 kWh/year ×13,500 BTU/kWh

(5)

= 3,547,800,000,000 BTU/year

Then, the annual biomass demand can be calculated using poplar energy content. In Eq. 6, we
estimate poplar energy content using the heating value of poplar wood chips (19.31 MJ/kg)
obtained from the literature (Appendix B).

Poplar energy content �

BTU
�
dry kg

(6)

= HHV 19.3 [MJ/dry kg] × unit conversion 948.32 [BTU/MJ]
=18,303 BTU/dry kg

We use high heating value (HHV) instead of the commonly used low heating value (LHV),
because HHV is preferred to LHV when plant systems are designed to store heat through a

8

We use 60% of capacity factor to incorporate future improvement based on the reported capacity factors of 52%
and 58.7% from NREL’s annual technology baseline (https://atb.nrel.gov/electricity/2017/index.html?t=cb and Cai
et al., 2012).

23
condensation process, as is the case with ours. The difference between LHV and HHV is further
described in Appendix B. Then, the annual poplar demand for the power plant is calculated
based on the required heat and the poplar energy content (Eq. 7). We estimate that 213,673 dry
tons of poplar chips will be required annually for the operation of a 50-MW biopower plant.

Fuel demand = Annual heat needed �

BTU
BTU
� / Poplar energy content �
�
year
dry kg

(7)

= 3,547,800,000,000 BTU/year / 18,303 BTU/dry kg
= 193,841,566 dry kg/year
= 213,673 U.S. dry tons/year

To meet the fuel demand (Eq. 7), the necessary land area is calculated based on the expected
poplar yield in Indiana. Below we describe, in detail, the steps involved in the estimation
process.
Land-size estimation
We use Eq. 7 to estimate the land area needed to produce sufficient feedstock to meet the
power plant’s annual demand. To ensure that the demand can be met, we use 110% of the
estimated average wood chip availability per year (second cutting and onward) as the basis for
our land-area calculation. Later, we will examine the economic effectiveness of this 10% overproduction assumption (Chapter 5.1. However, for now, we begin our analysis based on the 10%
initial assumption. In addition to planted land estimated in Eq. 8, we will add 10% of extra
headland for machinery turnarounds and temporary stock storage (Eq. 9).

Poplar Planted land =

Biomass demand × Over-production buffer
Field harvest yield
= 213,673
= 7,674

(8)

dry ton
dry ton
× 110% / 30.63
year
ha, harvest year

ha
year

Total land size =Planted land (90% )+Headland (10% )
=7,674ha/0.9=8,526 ha

(9)
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Table 3.5 summarizes the annual biomass production and the estimated land are for the design
concept described above.

Table 3.5 Land Size Estimation for Poplar Plantation.
List

Average

Unit

Annual feedstock demand

213,673

dry ton/year

110% of feedstock demand

235,040

dry ton/year

8,526

ha

Total land size

Based on the estimated land area for the poplar plantation, we can visualize the biomass
balance (production and supply) for each year. With this, we see the shortages and surpluses of
poplar chips. The annual biomass demand (213,673 dry ton) is estimated based on the power
plant’s full capacity. In the first year of its operations, however, we assume a six-month start-up
period, during which it operates at half-capacity and, thus, half the fuel demand. The first-year
fuel requirement is calculated using Eq. 10.

First-year biomass demand
6
6
dry ton
=(
month × 50% +
month ) × 213,673
12
12
year
dry ton
= 160,255
year

(10)

Table 3.6 shows the biomass shortage and surplus balances during the 48 years of power-plant
operation. During the first harvest of both field cycles, production is expected to be short because
the first harvest experiences 30% less yield than other harvests as we assume in section
3.1.1except for the first year of the power plant operation, the startup period. However, from the
second harvest there should not be only a sufficient supply of biomass to meet power-plant
demand, but there is likely to be a surplus of biomass because of the 10% over-production
assumption that we employed. In sum, the power plant will experience five years of biomass
production shortage, but there will be a sufficient supply of chips for the rest of the years.
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Table 3.6 Biomass Production and Demand Quantity.
Activity
Preparation
Plant
Plant
Plant
First harvest
First harvest
First harvest
Second harvest
Second harvest
Second harvest
Third harvest
Third harvest
Third harvest
Fourth harvest
Fourth harvest
Fourth harvest
Fifth harvest
Fifth harvest
Fifth harvest
Sixth harvest
Sixth harvest
Sixth harvest
Seventh harvest
Seventh harvest
Seventh harvest
Eighth harvest
Eighth harvest
Eighth harvest
First harvest2
First harvest2
First harvest2
Second harvest2
Second harvest2
Second harvest2
···
Eighth harvest2
Eighth harvest2
Eighth harvest2

Yr
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
···
49
50
51

Production
180,784
180,784
180,784
235,015
235,015
235,015
235,028
235,028
235,028
235,015
235,015
235,015
235,015
235,015
235,015
234,990
234,990
234,990
234,990
234,990
234,990
235,002
235,002
235,002
180,784
180,784
180,784
235,015
235,015
235,015
···
235,002
235,002
235,002

1Startup period (6 months), 2New planting

Demand
160,2551
213,673
213,673
213,673
213,673
213,673
213,673
213,673
213,673
213,673
213,673
213,673
213,673
213,673
213,673
213,673
213,673
213,673
213,673
213,673
213,673
213,673
213,673
213,673
213,673
213,673
213,673
213,673
213,673
213,673
···
213,673
213,673
213,673

Shortage
32,889
32,889
32,889
32,889
32,889
···
-

Surplus
20,529
21,342
21,342
21,342
21,342
21,342
21,342
21,355
21,355
21,355
21,342
21,342
21,342
21,317
21,317
21,317
21,317
21,317
21,317
21,329
21,329
21,329
21,342
21,342
21,342
···
21,329
21,329
21,329

Unit
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton
dry ton

Cycle
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2

26
3.1.2.3 Biomass Supply and Consumption Scheme
As a base case, we assume that poplar farm will supply chips under a contract. Under this
contract, the farm can sell poplar chips to the power plant up to the power plant’s fuel demand at
the contract price. To guarantee a 10% producer margin, we calculate the contract price as 110%
of the poplar model break-even price, which becomes $127.5/dry ton in section 4.2.2. Poplar
growers then expect to have 15% IRR in nominal terms using this contract price. It is noted that
this return rate (15%) is higher than the discount rate (12.2% in nominal terms) because we
assumed that the contract price is higher than the break-even price. If the poplar is assumed to be
sold at the break-even price, the return rate would be the discount rate.
In the years when chips are over-produced, poplar farms can sell the surplus chips to
woodchip markets at the woodchip market price ($85/dry ton). However, in the years of lower
production, the power plant will purchase the needed woodchips from the market. In this case,
we assume that the woodchip purchase price is 10% higher than the chips’ sales price, thus
$93.5/dry ton. Figure 3.1 shows the different prices applied to three agents, depending on the
sales/purchase situation.

Figure 3.1 Base Case Chip Sales Price Assumption.
3.1.2.4 Poplar Field Configuration
In poplar plantations, field design plays a crucial role in determining total planting costs. If
we achieve an efficient design for field operations, the lower chip break-even price will lead to a
greater likelihood of profitability. A sophisticated field design is necessary because the largescale plantation in our study requires a large amount of farm machinery, with related costs.
Moreover, it is important to ensure that all necessary agronomic inputs are included in the field
design to achieve the expected biomass yield. Therefore, the poplar model ensures efficient
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equipment utilization and that appropriate agronomic practices are used to provide the
environment needed for the poplar trees to grow optimally. In this section, we investigate all
necessary costs in the order of field operations: planting, harvesting, and transporting. In
designing the field operation, we focus on one field size (8,526 ha). Later, we will scale up this
cost to consider the total costs of utilizing three fields (8,526 ha ×3) needed to produce chips
continuously, as discussed in section 3.1.2.1.

Planting
Three types of machinery (planter, tractor, and refrigerated truck) will be needed to establish
the plantations. In this system, the planter will be attached to a tractor. The operating speed is
assumed to be 0.8 ha h-1, as adopted by EcoWillow2.0 (Heavey and Volk, 2015). Using this
planter speed, total planting times are estimated in Eq.11 and Eq. 12. To complete this activity in
about 3 months, an estimated 10 planter-tractor units will be needed (Eq. 13).
36ha planting time = Area to be planted × Planter speed

(11)

= 36 ha × (0.8 hour/ha) = 29 hour

Total planting time = Area to be planted × Planter speed

=7,673.4 ha × (0.8 hour/ha) = 6,139 hour

Total planting months =

(12)

Total planting time
Total number of planter machinery

1 day
1 month
1
�×�
�×�
�
= 6,139 hour × �
8 hour
24 days
10 planters

(13)

= 3.2 months

1) Equipment and labor costs
Refrigerator truck use will be coordinated with the planters to keep the sticks cool, to slow
metabolism of the carbohydrate reserves in the sticks. Eq.14 contains the costs required to
operate 10 sets of planters, tractors, and refrigerated trucks, including delivery costs, rent fees,
and fuel consumption. Eq. 15 estimates labor costs needed for the equipment operation.
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Equipment costs = Planter cost + Tractor cost + Refrigerated truck cost
= [Planter (Delivery + Rent + Maintenance)]
+ [Tractor (Delivery + Rent + Fuel)]
+ [Refrigerated truck]
= [(10 planters × $3/km × 80 km × round trips)
+ ($70/hour × 6,139 hour)
+ ($5/ha ×7,673.4 ha)]/ Total field size (7,673.4 ha)
+ [(10 tractors × $3/km × 80 km × round trips)
+ ($30/hour × 6,139 hour)

(14)

+ (30liter/hour×6,139 hour×$0.59/liter)]
/Total field size (7,673.4ha)
+ [10 refrigerated trucks × $150/day × 613.9 hour/truck]
/ Total field size (7,673.4 ha)
= Planter [$61.9/ha] + Tractor [$38.9/ha]
+ Refrigerated trucks [$15.1/ha]
= $115.8/ha
Labor

= [1 foreman + 3 laborers] × (1+35% indirect labor cost)
= [1 × $20/hour + 3 × $14/hour] × 6,139 hour × (1.35)
/ Total field size (7,673.4 ha)

(15)

= $67.2/ha
2) Supply costs
Poplar planting density is designed to be 18,000 sticks per ha. Their purchase cost is
considered a planting cost (Eq. 16).

Supplies = [Planting stick cost × Planting density
+ Stock delivery fee + Other supplies]
= [($0.09/stick × 18,000 sticks/ha × 7,673.4 ha)
+ $250 + ($5/ha × 7,673.4 ha)] / Planted field size (7,673.4 ha)
= $1,625/ha

(16)
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Based on the planting cost estimation above, Table 3.7 summarizes the needs for the planting
process.

Table 3.7 Plantation Operational Assumptions.
Assumption

Value

Unit

Total planting time

3.2

month

Total number of planters/tractors

10

Vehicle

Total number of refrigerator trucks

10

Vehicle

7,673.4

ha

Number of labors per planter

3

Person

Number of foreman per planter

1

Person

0.8

hour/ha

18,000

Sticks/ha

Working days per month

24

Days/month

Working hours per day

8

hour/day

Area to be planted

Planter, tractor speed
Poplar stick density

Agronomic management plan
Certain assumptions regarding plantation and field management practices—fertilization and
weed control—underlie our economic analyses. Agronomic field management designed to
provide a good growing environment for poplar trees is based on the recommendations experts.
To provide sufficient nutrients for the poplar trees, fertilizer will be applied at the time of
planting and every year after harvest. This fertilization practice is planned despite the fact that
the 2013 experimental field study in SWPAC did not detect yield benefits from fertilization.
However, we suspect that the lack of fertilization effect was partly the result of nutrientsufficient soils, which were previously used to grow agricultural crops 9. But, having high-quality
soil conditions may not always be the case in our plantations and, more importantly, nutrients
will likely become limiting, considering the high planting density and frequency of harvesting

9

This point was also supported by Weih (2004) who suggested that land formerly used for agricultural production
may result in growth benefits as a result of prior fertilization.
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planned for our study. Therefore, fertilization following every harvest is recommended to
prevent N, P, and K deficiencies from limiting growth 10. Fertilization application rates were
taken from the GREET model (version 2.7) and are summarized in Table 3.8.

Table 3.8 Fertilization Input (N, P, and K) Application Rates.
Resource

Application
rate

Unit

Nitrogen1

20

kg/ha

Phosphoric acid2

6

kg/ha

Potassium oxide

5.3

kg/ha

Source
(Argonne National
Laboratory, 2017)
(Argonne National
Laboratory, 2017)
(Argonne National
Laboratory, 2017)

1

Nitrogen average consists of 32% from urea-ammonium nitrate solution, 31% from ammonia, 23% from
urea, 6% from diammonium phosphate, 4% from monoammonium phosphate, 2% from ammonium sulfate,
2% from ammonium nitrate. 2Phospahte average consists of 50% from diammonium phosphate and 50%
from monoammonium phosphate.

In addition, herbicides and insecticides used for a SRC system have been recommended by
experts. Throughout the planting process, several chemicals are applied at different rates,
depending on the planting activity. As a pre-planting control activity, glyphosate will be applied.
The mixture of glyphosate and Goal 2XL is applied after a year of planting. The same tank mix
is applied in every year after the harvest. Additionally, insecticide (Sevin XLR) is applied every
three years. The chemical application rates and types are summarized in Table 3.9.
Table 3.9 Chemical (herbicide and insecticide) Input Application Rates.
Types

Product use

Application
rate

Price

Total costs

Pre-plant

Glyphosate

4.7 liter/ha

$3.30/liter

$15.40/ha

Glyphosate

2.3 liter/ha

$3.30/liter

$7.70/ha

Goal 2XL

5.9 liter/ha

$18.90/liter

$110.60/ha

Sevin XLR
Plus

3.5 liter/ha

$16.90/liter

$59.30/ha

Post-plant/
Postharvesting
(Tank mix)
Insecticide
10

Source
(E-mail
correspondence) 11
(E-mail
correspondence)11
(E-mail
correspondence)11
(E-mail
correspondence)11

Meilan, Richard. “(Question) Poplar production GHG emission” Received by Jeong, Dawoon, 2 April 2018.
Buchman, Dan. “FW: Input needed” Received by Meilan, Richard, 3 April 2018.
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We do not apply calcium carbonate or irrigation in this study, as the 2013 SWPAC field study
did not find irrigation to be necessary.
Harvest
To provide biomass to power plants year-round, we expect to harvest poplar trees throughout
the year. Year-round harvesting could be problematic, as wet soil conditions or heavy snow
accumulation can hinder harvesting. However, in Indiana, there is limited snow accumulation
during the winter, making it possible to harvest trees throughout the year, as the ground is frozen
during much of the winter season. Therefore, we assume that harvesting will be done for 10
months of the year, and there will be two months when soil conditions preclude fieldwork, to
minimize the risk of soil erosion and compaction. This will also help ensure adequate equipment
(harvesters and chip-collection vehicles) to harvest sufficient material to meet the needs of the
power plant.
1) Harvester
A single-pass, cut-and-chip harvester is being assumed for our study. As Figure 3.2
illustrates, the poplar trees are ground chipped by the harvester after being cut. The chips are
blown into a collection vehicle.

Figure 3.2 Operational View of a Harvester and Collection Vehicle (EcoWillow 2.0).

The harvester speed is calculated as a function of yield because harvester speed decreases as
standing biomass weight increases. We apply the linear relationship (Eq. 17) developed by
Young (2016), which was based on earlier research (Eisenbies et al., 2004).
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Harvester speed = -0.1182 Standing Biomass at Harvest + 11.275

(17)

The mean of the harvester speed is 7.76 km h-1. Although we will discuss this parameter in detail
in section 3.1.3, yield varies stochastically every year in our poplar model. That means the yield
variance also allows harvester speed to vary stochastically. To prevent unrealistic speeds from
being generated stochastically, we impose the upper limit at 9 km h-1 and the lower limit at 2.5
km h-1, following Young (2016) .
In estimating harvesting costs, we assume that the planted field (7,673.4 ha) consists of
multiple sub-fields that are 40 ha in size 12. This is a realistic assumption, because we are likely to
have decentralized, small fields instead of one contiguous area of approximately 8,000 ha. We
first estimate harvesting time for a 40-ha field (Eq. 18 and 19) and the total harvesting hours are
estimated by aggregating the unit fields.
The harvest length for 40 ha unit field
= Row length × Number of rows

(18)

= 0.5 km × (314 row at 2.3-m intervals) = 157 km

The harvesting hours for a 40-ha unit field

Total harvest length [km] Total turn time [min]
�
=�
+
min
Harvester speed [km/hour]
60 �
�
hour
× (1 + Harvester maintenance time)

(19)

min
0.75 �
� × 314 [row]
157 [km]
row
� × (1+0.06)
+
=�
min
7.76 [km/hour]
60 �
�
hour
= 26 hour

Given the foregoing, three harvesters will be required to harvest the whole field (7,673.5 ha) in
10 months (Eq. 20).

12

In fact, the average field size of Indiana, approximately 24 ha, is based on the survey conducted with Indiana
farmers (Purdue cover crop study, 2017). However, we believe that the survey respondents tended to be small farm
owners. Therefore, we selected 40 ha to mitigate against bias in this survey.
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The total harvesting hours for the whole field (7,673.4 ha)
= 26 hour/field × 214 fields

(20)

= 5,564 hour / 3 harvesters
= 1,855 hour = 9.8 months

The harvester utilization costs per hectare are estimated by including equipment delivery, rental
and fuel consumption as well as the operator’s labor fee as seen in Eq. 21.
Harvester per hectare cost
= {Equipment ([Delivery ] + [Rental] + [Maintenance])
+ Fuels + Labor}/ Total field size (7,673.4 ha)
= {[(3 harvesters × $7/km × 80 km × round trips)]
+[$350/hour × 5,564 hour] + [$12/ha × 7,673.4 ha]

(21)

+ [128 liter/hour × 5,564 hour × $0.49/liter ]
+ [$12/ha ×7,673.4 ha]} / Total field size (7,673.4 ha)
= $0.44/ha + $45/ha + $251/ha + $19.4/ha
= $316.1/ha

1) Collection vehicle
As seen in Figure 3.2, a collection vehicle 13 operates in association with the harvester. Once
a collection vehicle is filled with poplar chips, it will be driven to the edge of the field to unload
and brought back to the field for refilling. Figure 3.3 shows an overview of the harvesting system
in which a collection vehicle makes a trip to unload. When configuring harvesting machinery, it
is important to keep the harvester running continuously, but also having empty collection
vehicles ready to replace a full one. Therefore, the key is to match filling- and collection-vehicle
cycle times, to prevent an under- or over-supply of collection vehicles.

13

The collection vehicle includes a tractor and wagon in this study.
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Figure 3.3 Harvest-Cycle Diagram (Eisenbies et al., 2004).
We use a calculation method developed by Eisenbies et al. (2004) to estimate the number of
collection vehicles needed to support harvester operations seamlessly (Eqs. 22-25).
Collector filling time
Collector capacity [Mg]
Mg
Harvester throughput �
�
hour
7 [Mg]
=
× 60 [min/hour] = 4.57 min
Mg
91.9 �
�
hour
=

(22)

'

Collector vehicle s average trip distance [m]
=
=
=

Total field length
-(Collector filling distance)
2
2 × (Row length + Column length )
2

- (Collector filling time) × (

Harvester speed
60

)

(23)

7.76 [km/hour]
2 × (0.5 km+ 0.72 km)
�
- (4.57 [min] ) × �
min
2
60 �
�
hour

= 0.63 km
'

Collector vehicle s total trip time
Trip distance per collection vehicle
� + Unloading time
= Filling time + �
Collection vehicle speed
= 4.57 min +
= 11 min

0.63 km
10 kmh

×

60 min
1 hour

+ 3 min

(24)
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Number of collection vehicle per a harvester
'

Collector vehicle s total trip time
=
Filling time
=

11 min
4.57 min

(25)

= 3 vehicles per harvester

The collection-vehicle costs per hectare are estimated using the number of vehicles (Eq. 26). As
with harvesters, various cost components such as rental expenses, fuel consumption, and labor
are included.
Collecting costs = {Equipment [(Rental) + (Maintenance)]

+ Fuels + Labor} / Total field size (7,673.4 ha)

= {[(3 collectors/harvester×3 harvesters×$50/hour×1,855 hour )
+ ($12/ha × 7,674 ha)]
+ [9 collectors × 30 liter/hour × 1,855 hour × $0.49/liter ]

(26)

+ [3 labors × 9 collectors × $10/hour×1,855 hour ×(1+0.35)]}
/ Total field size (7,673.4 ha)
= $120/ha + $31/ha + $87/ha
= $239.0/ha
Table 3.10 summarizes the harvesting machinery needs (harvester and collection vehicles) in
bold, and parameters used to derive them.

Table 3.10 Harvesting Operational Assumption.
Items

Value

Unit

Total harvesting time

10

month

Total number of harvesters

3

units

Total harvesting time

1,855

hour

Harvester throughput

91.9

Mg/hour

Harvester operation rate

0.60

h/ha

6

%

Harvester maintenance time
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Table 3.10 continued
Total number of collection vehicles per harvester

9

units

3.88

min

7

Mg

0.63

km

Collection-vehicle unloading time

3

min

Collection-vehicle speed

10

km/hour

Cycle time per collection vehicle

11

min

Collection-vehicle filling time per vehicle
Collection-vehicle capacity per vehicle
Collection-vehicle total cycle distance (40-ha field)

Transport
The harvested poplar chips need to be transported from the field to the electrical-generating
facility. A truck is assumed to be the sole mode of conveyance. The key factor in estimating
truck demand is the shipping product’s (poplar chips) weight. When being transported, moisture
in the fresh poplar chips contributes to the total weight of the load. To calculate poplar chip
loading weight based on the moisture content, we apply a functional form developed by Young
(2016) in Eq. 27, where x represents moisture content.

Wet chip density = 4.6084 + 7.9068x3 - 11.459x2 - 0.083x

(27)

Using this functional relationship is necessary in our study, because moisture content varies
stochastically, which will be discussed in detail in section 3.1.3. Therefore, moisture content is
incorporated in transport costs, as well, for every year.
Another key factor is transport distance. We assume the one-way transportation distance per
truck from farm-gate to plant-gate is 21.2 km. This is calculated as the average distance of
traveling from harvest area to power plant, assuming that the power plant is located in the center
of a circular area. In fact, there could be two ways to estimate the average transportation
distance. One can consider the potential location of the biomass production field as a complete
square grid, or, alternatively, one can assume the potential biomass shed to be circular (Tyner
and Rismiller, 2010). However, square-grid method has limitations when accounting for diagonal
routes or natural obstacles, such as rivers 14. Thus, this study employs the circular method to
14

Additional explanation can be found in Tyner and Rismiller (2010).
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calculate transportation distances within a 25-km radius. The rationale for this distance is so that
the total land-size required for the poplar plantation (8,526 ha) can sufficiently fit into an area
with a 25-km radius (196,350 ha). Therefore, any potential poplar field locations within the 25km radius are considered to have a uniform average distance to the plant gate at the center of the
circular shed. We first estimate the total trip distance of all vehicles (vehicle trip miles, VTM),
and a unit trip distance per vehicle (length of haul, LOH) are calculated followed by Tyner and
Rismiller (2010). Eq. 28 shows the equation to estimate VTM.
�
⃓
Area25km-Area0km
⃓
��
�+Area0km�
⃓
⃓
2
⎛
⎛
⎞⎞
⃓
VTM = Circuity factor× ⎜Truck× ⃓
⎜
⎟⎟
⃓
π
⃓
⃓
⎷⎝
⎠⎠
⎝

(28)

= 1.2 × (12 units ×17.7 km) = 255 km
In Eq. 28, a circuity factor is used to correct non-direct road routes, and the value (1.2) used in
this study was obtained from Quear (2008) and Tyner and Rismiller (2010). Truck represents the
total number of trucks to transport poplar biomass to the power plant, which was estimated to be
12 trucks per year in Eq. 34. The area within the circle assumes a 25-km radius, and can be
calculated by the formula for the area of a circle: A= π×r2. Then, the average length of haul
(LOH) can be calculated by dividing the VTM by the number of trucks (255 km /12 trucks =
21.2 km/truck).
Based on the calculated transport distance and the weight of chips that need to be transported,
we can estimate the total transportation operation costs. The calculation details are documented
in Eqs. 29-32.
The biomass weight (wet) transported a year

= Average wet biomass yield × Planted area
= 65.23 [wet tons/ha] × 7,673.4 [ha/year]

= 500,575 wet tons/year

(29)
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The round-trip driving time for a truck
=

Highway round-trip distance
+ Truck load time + Truck dump time
Highway truck speed

=

( 21.2×2) km
80 km/hour

(30)

+ 0.25 hour + 0.25 hour= 1.03 hour

The number of loadings
=
=

Total biomass quantity
Truck capacity
500,575 ton/year
23 ton/load

(31)

=21,764 loads/year

The transport time
= 21,764 loads × 1.03 hour/load
= 22,417 hour×

1 day
8 hour

×

1 month
24 days

(32)

= 117 month

The number of trucks needed for transport to continue throughout the harvest period (10 months)
is calculated to be 12 units as seen in Eqs. 33 and 34.

Transport times =

Total transportation time [month ]
= 10 month
Number of trucks

Number of trucks =

Total transportation time [months ]
Target months 10 [month]

(33)

(34)

= 117 months/10 months = 12 trucks

All parameters needed for transportation-system calculations are summarized in Table 3.11.
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Table 3.11 Transportation Assumptions.
Items

Value

Unit

Total transportation months

10

months

Total number of a trailer trucks

12

Units

Wet tons shipped

500,575

ton/year

Maximum truckload weight

23

ton

Highway traveling distance

21.2

km

Highway traveling speed

80

km/hour

Loading/dumping time

15

min

Total time per trip

1.03

hour

Price parameters’ summary
Table 3.12 provides various input parameters used in the poplar model. Many poplar-specific
planting parameters were derived from Young (2016) after being nominally inflated using an
appropriate producer price index. The price adjustment process is documented in Appendix C.
Agronomic practices, such as fertilizer and pesticide application rates, are based on the
recommendations of experts (described in section 3.1.2.4). The parameters for planting and
harvesting equipment are from the EcoWillow 2.0 model (Heavey and Volk, 2015). Although the
EcoWillow model was developed based on a willow plantation, it is also applicable to poplar
plantations because both have similar SRC characteristics, including of trees diameters following
three years of growth. Table 3.13 shows the price parameters in 2016 terms.
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Table 3.12 Field Agronomic Parameters.
Type

Parameters

Value

Unit

Reference

Planting

Vegetation removal

53.1

$/ha

(Young, 2016)

Contact herbicide

15.4

$/ha

(E-mail correspondence)15

Plowing

49.0

$/ha

(Langemeier, 2017)

Disking

47.0

$/ha

(Langemeier, 2017)

Pre-emergent herbicide

118.3

$/ha

(E-mail correspondence)15

Weeding in the 1st year

118.3

$/ha

(E-mail correspondence)15

Weeding in the 2nd year

59.3

$/ha

(E-mail correspondence)15

Cut back

54.7

$/ha

(Young, 2016)

Fertilizer

84.0

$/ha

(Langemeier, 2017)

Stock removal

553.5

$/ha

(Young, 2016)

Planter rental

70

$/h/unit

(Heavey and Volk, 2015)

Planter delivery distance

80

km

(Heavey and Volk, 2015)

Tractor fuel(diesel) use

30

liter/h

(Heavey ans Volk, 2015)

Laborer rate

14

$/h

(Heavey and Volk, 2015)

Foreman rate

20

$/h

(Heavey and Volk, 2015)

3

$/km

(Heavey and Volk, 2015)

Refrigerated truck rental

150

$/day/unit

(Heavey and Volk, 2015)

Harvester rental

350

$/h/unit

(Heavey and Volk, 2015)

80

km

(Heavey and Volk, 2015)

Harvester fuel use

128

liter/h

(Heavey and Volk, 2015)

Collection vehicle rental

50

$/h/unit

(Heavey and Volk, 2015)

30

liter/h

(Heavey and Volk, 2015)

Truck trailer rental

0.33

$/km

(Heavey and Volk, 2015)

Transporting distance

21.2

km

Author calculated

3

km/liter

(Heavey and Volk, 2015)

Planter/tractor transport
cost
Harvesting

Harvester delivery
distance

Collection vehicle
fuel(diesel) use
Transportation

Fuel(diesel) use

15

Buchman, Dan. “FW: Input needed” Received by Richard Meilan, 17 April 2018.
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Table 3.13 Field Price Parameters.
Parameters

Value

Unit

Reference

Farm diesel price

0.491,2

$/liter

(U.S. EIA, 2017b)

Road diesel price

0.612

$/liter

(U.S. EIA, 2017b)

Land cost

3303

$/ha

(USDA, 2016)

Stock price (cutting price)

0.09

$/cutting

(Kells and Swinton, 2014)

Stock delivery

250

$

(Heavey and Volk, 2015)

1

Farm diesel price is calculated by excluding state and federal diesel tax obtained from (U.S. EIA, 2017a).
The 2018 price is deflated to get 2016 price by using producer price index of commodity fuels and related
products and power obtained from (U.S. Bureau of Labor Statistics, 2018).
3
The land cost is calculated as the mean value of maximum and minimum cash rent of Indiana agricultural land
(United States Department of Agriculture National Agricultural Statistics Service, 2016).
2

Poplar plantation cost-break down analysis
In Table 3.14, the estimated poplar field costs, based on the field configuration, are broken
down for each process. This is also compared with the EcoWillow model 2.0 (Heavey and Volk,
2015). Most of the costs are similar for the two models, which validates poplar model
estimations. The exception, however, is the land and site management costs. The differences
indicate that Indiana has higher land rents, compared to those for farms in New York, and the
two models have different field-management plans, such as fertilization, both of which can be
considered regional differences.
Table 3.14 Poplar Field Cost Breakdown.
Poplar

EcoWillow2.0

Unit

342

97

$/ha

1,808

2,016

$/ha

Site management

366

541

$/ha

- Herbicide and insecticide

78

66

$/ha

- Fertilizer

84

160

$/ha

- Other (plow, disc, cover crop)

2041

315

$/ha

Harvesting
Transport2

517
156

652
422

$/ha
$/ha

Land/ Admin
Planting

1

Cover crop management costs are excluded for no-use in poplar model.
Poplar model assumes 21.2km, whereas EcoWillow2.0 assumes 40 km.

2
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The financing conditions for the poplar production are presented in Table 3.15. Poplar
plantations and the power plant are assumed to have the same financing conditions except that
we have not applied an income tax on the poplar production. Farm income is taxed at a
considerably lower rate than other commercial income, and getting an accurate estimate of a
reliable tax rate for a poplar plantation is problematic. Thus, we decided to exclude income taxes
on the poplar plantantion. In any event, they would be quite low.

Table 3.15 Poplar Model Financing Assumption.
Parameters
Real discount rate
Nominal discount rate
Inflation rate
Equity
Loan
Loan interest rate

3.1.3

Value
10
12.2
2
60
40
8

Unit
%
%
%
%
%
%

Stochastic Parameters

In biomass procurement, there are various risks inherent in poplar productions. Also, there
could be unanticipated market uncertainties. Among these factors, we chose three parameters
expected to be particularly uncertain: yield, moisture content, and planting costs. A Monte Carlo
simulations method is used to incorporate these uncertainties into an economic analysis. In the
following section, we discuss how to obtain the range of variability of each stochastic parameter.

Yield
In data from the 2013 SWPAC field study, significant variation in yield was observed among
the 15 genotypes used, ranging from 5.2 to 14.8 ton/ha/year at a 95% confidence level (Figure
3.4). The large yield uncertainty is, in fact, a general consensus in the poplar cultivation literature
(Aylott et al., 2008; Dillen et al., 2013; Verlinden et al., 2015). Biomass yield is the most critical
factor, not only for economic reasons, but also for the success of the project. Therefore, yield
uncertainty is treated as a stochastic parameter in the poplar model, so that the risks associated
with varying yield is included in the economic analysis.
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Figure 3.4 Poplar Field Data Dry Weight Distribution.
To obtain a reasonable stochastic range of poplar yield, we referred to GreenWood Resources
data from Young (2016). We calibrate the variability in yield to adjust to the Indiana poplar yield
by holding the coefficient of variance (COV) constant. The COV measures the variability in a set
of data and is calculated as the ratio between the standard deviation and the mean. This can be
used to compare the distributions of two series (Abdi). Therefore, the COV for yield on average
land (6.56) obtained from Young (2016) is used to estimate a standard deviation of the yield of
Indiana poplar production from the first two harvests. We assume that standard deviation
increases by 3% for each harvest thereafter, which imposes higher uncertainty as time goes
forward. Table 3.16 shows the mean and standard deviation of poplar yield in Indiana throughout
the eight harvests.
Table 3.16 Indiana poplar yield projection.

1st cut

Mean
(µ)
23.56

Std. Dev.
(𝜎𝜎)
3.59

2nd cut
3rd cut

30.63
30.63

4.67
4.81

4th cut

30.63

4.95

5th cut
6th cut

30.63
30.63

5.10
5.26

7th cut

30.63

5.41

8th cut

30.63

5.58

Harvest
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Figure 3.5 shows the steadily increasing uncertainty in later harvests.

Figure 3.5 Distribution of Mean and Standard Deviation of Harvest Yield.
Prior to incorporating yield uncertainty, we want to avoid the extreme draws that are possible if
one uses a normal distribution. There are two ways this can be done. The first is to use the
RiskTruncate function in @Risk to put bounds on the random draws from a normal distribution.
Another approach is to simulate each of these distributions in @Risk and determine the 5% and
95% values from the simulation. We can then use a Pert distribution with these as the minimum
and maximum, and the normal distribution mean as the Pert distribution mode. We have chosen
the second approach, which is an effective way to limit unrealistic yield values. Table 3.17
summarizes the stochastic yield distribution of each harvest by following the Pert approach. The
final distribution is used as a yield range for the poplar model stochastic analysis. We assume an
independent uncertainty for each harvest, in other words, there will be no correlation yearly
throughout the harvest.
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Table 3.17 Stochastic Distribution of Yield.

1

Cut

Mean
(µ)

1st cut

23.56

Std.
Dev.
(𝜎𝜎)
3.59

2nd cut

30.63

4.67

3rd cut

30.63

4.81

4th cut

30.63

4.95

5th cut

30.63

5.10

6th cut

30.63

5.26

7th cut

30.63

5.41

8th cut

30.63

5.58

Lower
Bound
(LB)1
17.65

Upper
Bound
(UB)2
29.46

RiskPert (LB, µ,UB)

RiskNormal (µ, 𝜎𝜎)

22.94

38.30

RiskPert (LB, µ,UB)

22.7

38.54

RiskPert (LB, µ,UB)

RiskNormal (µ, 𝜎𝜎)

22.47

38.78

RiskPert (LB, µ,UB)

RiskNormal (µ, 𝜎𝜎)

22.23

39.01

RiskPert (LB, µ,UB)

RiskNormal (µ, 𝜎𝜎)

21.96

39.26

RiskPert (LB, µ,UB)

RiskNormal (µ, 𝜎𝜎)

21.7

39.52

RiskPert (LB, µ,UB)

RiskNormal (µ, 𝜎𝜎)

21.45

39.78

RiskPert (LB, µ,UB)

Distribution
RiskNormal (µ, 𝜎𝜎)
RiskNormal (µ, 𝜎𝜎)

Final
Distribution

5% point of the normal distribution, 295% point of the normal distribution.

Moisture content
In addition to yield, moisture content is also highly variable in every harvest, and it plays an
important role in the economic analysis, as it is directly associated with dry biomass weight,
which determines biomass quality and transportation costs. Figure 3.6 shows the variance of
poplar moisture content observed in the 2013 SWPAC field study, ranging from 51% to 58% at
the 95% confidence level. The mean and standard deviation of moisture content are 54.6% and
2.2%, respectively.

Figure 3.6 Distribution of the Poplar Field Moisture-Content Data.
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We assume that moisture content uncertainty is independently drawn each harvest year and
follows a normal distribution. Similar to yield, however, in order to avoid unrealistic numbers
being generated randomly in the simulation, we restrict the probability of the stochastic range to
between 5% and 95% in normal distribution. Table 3.18 shows the truncated bounds of moisture
content that will be applied to the stochastic analysis. This range applies to harvests in all
months.
Table 3.18 Moisture Content Risk Truncate Bounds.
Moisture content

Estimation

Upper bound

58.22%

Mean + 1.645 × Std. dev.

Lower bound

50.98%

Mean − 1.645 × Std. dev.

Planting costs
Poplar planting costs are also assumed to be a stochastic parameter. Planting is costly in our
study because of the large size of the plantations and dense planting requirements. Therefore,
there will be large financial volatility if the poplar stick price is uncertain. In fact, we suspect that
the poplar stick price will be uncertain because there has been no precedent for such large-scale
poplar plantations. The stick price will be dependent on the availability of poplar sticks. In order
to incorporate this uncertainty, we employ a RiskPert function with a value of 70% of calculated
planting cost as a minimum, 105% as most likely, and 130% as the maximum.

3.2

Power Generation Model
The biopower plant model is exclusively followed by a BBFB power pathway from the

report “Utility Scale Electricity Generating Plants” (U.S. DOE, 2016). For the utility scale power
plant, the total costs consist of two parts: capital costs and operation costs. The capital costs
include generating-equipment expenses (boiler and steam-turbine, etc.), along with any related
construction costs. In Table 3.19 includes more details on capital cost estimation. Indianaspecific total project costs of $4,845 per kW have previously been estimated (U.S. DOE, 2016).
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Table 3.19 BBFB Plant Total Project Cost Breakdown (U.S. DOE, 2016).
Capital cost category (50 MW BBFB)

$ in 2016

Civil Structural Material and Installation

15,349

Mechanical Equipment Supply and Installation

100,992

Electrical / I&C Supply and Installation

22,897

Project Indirects1

49,598

EPC Cost before Contingency and Fee

188,836

Fee and Contingency

18,884

Total Project EPC

207,720

Owner Costs (excluding project finance)

41,544

Total Project Cost (excluding finance)

249,264

Total Project EPC / kW

4,154

Owner Costs 20% (excluding project finance) / kW

831

Total Project Cost (excluding project finance) / kW

4,985

Indiana Adjustment2 / kW

4,845

1

Includes engineering, distributable costs, scaffolding, construction management, and start-up.
The regional adjustments are estimated based on the consideration of outdoor installation, seismic
design differences, remote location, labor wage and productivity differences, location
adjustments, owner cost differences, and the increase in overheads associated with these six
adjustment.

2

In order to calculate the actual capital costs required to install the BBFB power plant, we use
Indiana per unit capital costs and the power capacity provided by the U.S. DOE (2016). The
calculated fixed-capital investment costs and working capital costs for the total project
investment costs as seen in Table 3.20.
Table 3.20 Capital Cost Estimation.
Categories

Abbrev.

Total project cost (Indiana)

Estimation

Value

unit

TPC

4,845

$/kW

Plant capacity

Cap

50

MW

Total Project Investment

TPI

TPC × Cap

242.3

$M

Fixed Capital Investment

FCI

TPI/5.46 × 4.69

208.1

$M

Working Capital

WC

15% of TPI

36.3

$M
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In our financial analysis, we assume 60% of equity, with financing of the debt portion over 10
years at an 8% interest rate (Table 3.21).
Table 3.21 Power Plant Economic Conditions.
Categories
Equity proportion

Value

Source

60%

Author assumption

Financing proportion

40%

Author assumption

10 years

Author assumption

Loan interest

8%

Author assumption

Inflation rate

2%

Author assumption

Real discount rate

10%

Author assumption

$ Spent in Year 1

8%

$ Spent in Year 2

60%

(Bittner, 2014)
(Bittner, 2014)

$ Spent in Year 3

32%

(Bittner, 2014)

Income tax rate

19.6%

Author assumption

Depreciation term

7 year

(Zhao et al., 2016)

Doubling declining balance

(Zhao et al., 2016)

Loan term

Depreciation method×
× Loan interest

payment and depreciation are exempted from taxable income estimation

The operating and maintenance (O&M) costs used in this study are shown in Table 3.22.
Three types of O&M costs are considered: fixed, variable (non-fuel), and fuel expenses. Fixed
O&M costs do not vary with the plant’s power generation, as do labor salaries and maintenance
expenses. Maintenance costs include steam-turbine and balance of plant and power generationrelated costs, including the basic interconnection to the grid (U.S. DOE, 2016). Variable O&M
costs are dependent on the power generation, as they are costs generally related to input
materials, such as water, chemicals, and waste disposal. Lastly, fuel expenses are the costs
associated with the purchase biomass. In our base assumption, poplar biomass is purchased at the
contract price, and the additionally needed biomass can be purchased at the woodchip market
price.
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Table 3.22 Biopower Plant O&M Cost Estimation.
Cost category

$ in 2016

Source

$110/kW/year

(U.S. DOE, 2016)

$4.2/ MWh

(U.S. DOE, 2016)

Biomass purchase price 1

$127.5/dry ton

Poplar model calculated

Biomass purchase price 2

$85/dry ton

Woodchip market

Fixed O&M expense
Variable O&M expense (non-fuel)

3.3

Life Cycle Assessment (LCA) Model
The LCA model is established to analyze life cycle emissions of the poplar biopower plant

pathway. LCA is a quantification method for environmental emission assessment, which tracks
pollutant emissions. The main advantage of LCA is that it holistically examines total emissions
of the entire system. Therefore, it is frequently used to evaluate the environmental performance
of new technologies, in comparison to the traditional and intensive polluting technologies. In
order to support LCA analysis, Argonne National Laboratory developed the “GREET”
(Greenhouse gases, Regulated Emission, and Energy use in Transportation) model, in which
emissions from various energy pathways are documented (Argonne National Laboratory). This
study uses emission data of the poplar biopower plant pathway from the GREET model. Some
calibrating was done to adjust the GREET emission data to evaluate our own pathway, which
will be discussed in section 3.3.1.
There are two categories of emissions: greenhouse gases (GHG) and criteria air pollutants
(CAP). According to the U.S. EPA (2018a), CAP include six pollutants 16, and GHG include
seven pollutants 17. For each pollutant category, different regulations are applied to control them,
because the damaging scope and extent are different, depending on types. GHG tend to remain in
the atmosphere for a long time, thus contributing to global warming more than CAP, whereas
CAP causes more regional damage to human health and/or property (U.S. EPA, 2018a). In this
analysis, therefore, we will focus on GHG emissions to examine the global-warming effect of the
biopower system.
16

Particulate matter, Photochemical oxidants and ground-level ozone, carbon monoxide, sulfur oxides, nitrogen
oxides, and lead.
17
Carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), sulfur hexafluoride (SF6), nitrogen trichloride (NF3),
hydrofluorocarbons (HFCs), and perfluorocarbons (PFCs).

50
The three sources of GHG emissions for this poplar-biopower system are: 1) poplar
cultivation emissions, 2) biogenic emission sequestration, and 3) power plant operating
emissions. The first and third emissions are always positive, whereas the second is usually
estimated to be zero or negative. The U.S. EPA (2014) provides the definition of biogenic CO2
emissions as “related to the natural carbon cycle, as well as those resulting from the production,
harvest, combustion, digestion, fermentation, decomposition and processing of biologically
based materials” and, therefore, biogenic emissions can include the carbon sequestration effect
from plants and soils through photosynthesis (U.S. EPA, 2014). Figure 3.7 shows biogenic
carbon flows in bioenergy production, in which plantation biogenic emissions incorporate carbon
amounts removed from the atmosphere by land-plant sequestration (Smith et al., 2016). The net
addition of biogenic carbon can be avoided by using biomass energy at the same rate as the
uptake of carbon by regrowing feedstock.

Figure 3.7 Biogenic Carbon Emission in Bioenergy Sector (Smith et al., 2016).

Therefore, for perennial plants such as poplar, emissions can be negative because of their ability
to sequester carbon substantially through their repeated growing after multiple harvests (Brandão
et al., 2011).
Different global warming potential (GWP) of various GHG will be considered by
expressing total emissions in terms of CO2 equivalence (CO2 eq.). We convert carbon dioxide
(CO2, GWP 1), methane (CH4, GWP 25), and nitrous oxide (N2O, GWP 298) to CO2 equivalents
using a GWP factor (Allen, 2011).
Throughout the remaining study, we will refer to this GHG analysis as the traditional LCA
analysis because all life cycle emissions from field cultivation, power generation, and biogenic
emissions are included. In addition to this analysis, we also analyze the practice of carbon
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neutrality because of a tentative environmental policy announced by the U.S. EPA (2018b). In
April 2018, the EPA declared its intent to have neutral CO2 emissions from stationary sources,
by using forest biomass for energy production. This is based on the assumption that the plant
carbon sequestration completely offsets power-plant emissions, so that the net is zero (U.S. EPA,
2018b) 18. To examine carbon neutrality in our study (if any), we will include a LCA analysis for
poplar plantation emissions, power-plant emissions, and biogenic emissions, which are
calculated in sections 3.3.1, 3.3.2, and 3.3.3, respectively. In section 3.3.4, we illustrate two
emission scenarios (LCA analysis and carbon-neutral analysis). The two scenario analyses’ total
emissions will be compared to the results found in section 4.2.2.
3.3.1

Poplar Plantation Emissions

Total emissions from the poplar plantations are calculated by accounting for the agronomic
practices. Table 3.2 includes the input material types and application quantities required for the
poplar plantations.

18

According to the policy note, “Managed forest is a forest subject to the process of planning and implementing
practices for stewardship and use of the forest aimed at fulfilling relevant ecological, economic and social
functions of the forest (IPCC). Also, in this document, it specifically comprises lands that are currently managed
or those that are afforested, to ensure the use of biomass for energy does not result in the conversion of forested
lands to non-forest use”. Although it is not clear that SRC poplar trees will be included in this category, our
carbon-neutrality analysis assumes that is the case.
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Table 3.23 Poplar Plantation Resource Consumption.
Input materials
Diesel use for cutting production

Value
1,032

Unit
BTU/dry ton of poplar

Sub-total (Cutting production)

1,032

BTU/dry ton of poplar

Nitrogen

201

kg/ha

Phosphoric acid

61

kg/ha

Potassium oxide

5.31

kg/ha

Sub-total (Fertilizer)

31.3

kg/ha

Pre-planting herbicide (glyphosate)

4.68

L/ha

2.34

L/ha

Source
(Wang et al., 2012)
(Argonne National Laboratory,
2017)
(Argonne National Laboratory,
2017)
(Argonne National Laboratory,
2017)
E-mail correspondence
(2018)15
E-mail correspondence
(2018)15
E-mail correspondence
(2018)15

Post-planting/post-harvest herbicide
(glyphosate)
Post-planting/post-harvest herbicide
(goal 2XL)
Sub-total (Herbicide)

5.85

L/ha

12.87

L/ha

Insecticide (sevin XLR Plus)

3.51

L/ha

Sub-total (Insecticide)
Diesel use for mowing the existing
vegetation
Diesel use for applying contact
herbicide
Diesel use for applying preemergent herbicide
Diesel use for plowing

3.51

L/ha

23.9

L/ha

(Wang et al., 2012)

4.7

L/ha

(Wang et al., 2012)

4.3

L/ha

(Wang et al., 2012)

20.1

L/ha

(Wang et al., 2012)

11

L/ha

(Wang et al., 2012)

Diesel use for cultipack

30.7

L/ha

(Wang et al., 2012)

Diesel use for planting

24

L/ha

Author calculation

Diesel use for coppicing

23.9

L/ha

(Wang et al., 2012)

Diesel use for weed controlling

31.6

L/ha

(Wang et al., 2012)

Diesel use for fertilizing

14.2

L/ha

(Wang et al., 2012)

Diesel use for harvesting
Diesel use for applying post-harvest
herbicide diesel use
Diesel use for removing stools
Sub-total (Diesel for farming
activity)
Diesel use for transport
Sub-total (Diesel for transport)

154.9

L/ha

Author calculation

31.6

L/ha

Author calculation

27.9

L/ha

(Wang et al., 2012)

402.8

L/ha

40.1
40.1

L/ha
L/ha

Diesel use for disking

1

Parameter are re-adjusted with Indiana field yield (10.2 dry tons/ha/yr).

E-mail correspondence
(2018)15

Author calculation
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The details are in the agronomic management plan described in section 3.1.2.4. In summary,
1) N-P-K fertilizer will be applied a year after the planting and every harvest year.
2) Pre-planting herbicides will be applied in year zero, and pre-emergent herbicides are
applied in the year following the post-planting herbicide. Also, herbicides are applied in
year two and every year after harvest (post-harvesting herbicide).
3) Insecticides are applied every year before harvest.

Based on these agronomic assumptions, an LCA Excel model was developed for the 51 years of
plantation. This model is helpful to estimate input resource quantities needed for a particular year
of plantation. The input quantities for each year are then inserted into the GREET model. Figure
3.8 shows the default value of input material application for the poplar plantations in the GREET
model. We can replace input quantities with our field-specific values to obtain an emissions rate
for this study.

Figure 3.8 GREET Poplar Production Pathway: Input Resource Modification Process.

Table 3.24 shows the emission coefficients generated by the GREET model based on our fieldspecific resource application. We focus on three main GHG (CO2, CH4, N2O) 19 among GREET
emission coefficient results, and convert them to CO2 eq. kg per ton poplar using the GWP
factors (CO2: GWP 1, CH4 : GWP 25, N2O :GWP 298).

19

In 2016, U.S. GHG consist of 81% of carbon dioxide, 10% methane, and 6% nitrous oxide (these three gases are
97% of the total GHG emissions). Retrieved from https://www.epa.gov/ghgemissions/overview-greenhouse-gases
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Table 3.24 Poplar Production Emission Coefficients.
CO2

CH4

N2 O

CO2 eq. total×

Unit

Soil preparation1

381.63

0.72

0.008

402.04

kg/dry ton poplar

Establishment2

49.03

0.1

0.0009

51.73

kg/dry ton poplar

After planting3

66.35

0.14

0.0519

85.31

kg/dry ton poplar

Harvesting4

70.91

0.14

0.0521

89.94

kg/dry ton poplar

After harvesting5

45.36

0.08

0.0007

47.67

kg/dry ton poplar

Pre harvesting6

18.62

0.04

0.0002

19.65

kg/dry ton poplar

Site clearance7

115.83

0.25

0.0023

122.72

kg/dry ton poplar

×

CO2 eq. are calculated using GWP of CO2, CH4, and N2O.
Included activities: cutting production, vegetation mowing, contact herbicide, plow and disk (at year 0, onetime occurence). 2Planting, post-planting herbicides, and coppicing (at year 1, one-time occurrence), 3Postplanting herbicides, fertilizer, and insecticides (at year 2, one-time occurrence). 4Harvesting, fertilizer, and
roundtrip transport (at year 4, recurring every three years), 5Post-harvesting herbicides (at year 5, reoccurring
every three years). 6Insecticides (at year 6, recurring every three years). 78th last harvest and site clearing (at
year 25, one-time occurrence).
1

We estimated the mean of GHG emission coefficients using the emissions rate for each activity
and its frequency during 50 years of plantations of one field from Table 3.24, which was 68.03
kg CO2 eq. per dry ton poplar. For consistency in the emission calculations, we express the total
CO2 equivalent emissions as CO2 kg per kWh. This is calculated by inserting poplar yield in Eq.
35.

Poplar field CO2 eq. emissions
= CO2 eq emission coefficient
×annual poplar yield
= 68.03

kg CO2 eq.
dry ton

= 15,990,766

= 15,990,766
= 0.06085

×

dry ton
year,ha

30.63 dry ton
3

kg CO2 eq.
dry ton

year,ha

× Field size ha

× (7,674×3) ha

kg CO2 eq.
year
kg CO2 eq.
year

kg CO2 eq.
kWh

/ 262,800 MWh/year

(35)
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3.3.2

Bio Power Plant Emissions

The GHG emission rate for the BBFB power plant is obtained from the U.S. DOE (2016). As
the only GHG emitted from power plant operations according to the report, CO2 emissions (195
lbs/MMBtu) are converted, to be consistent with poplar field CO2 emissions, using Eq. 36.

Power plant CO2 eq. emissions
= 195 lbs/MMBtu / 293.07 kWh/MMBtu / 2.20462 lb/kg

(36)

= 0.30181 kg CO2 eq./kWh
3.3.3

Biogenic Carbon Emissions

Poplar carbon sequestration emission effects are quantified from the poplar bioenergy
pathway in the GREET model. We calibrate this coefficient to obtain an adjusted biogenic
emissions coefficient. The two steps described below explain the calibration process in detail.

Step 1. Calibrating GREET biogenic carbon emission coefficient
From the GREET model, we obtain the biogenic CO2 equivalent of poplar plantations (Eq. 37).

The initial biogenic CO2 GREET coefficient = -1.59 kg CO2 eq/kWh

(37)

The technical assumptions used to generate the initial GREET poplar biogenic emissions are
summarized in Table 3.25. We use these parameters to express the GREET biogenic coefficients
to be expressed in terms of biogenic CO2 eq emissions per poplar weight, which will be used
later to calculate Indiana poplar biogenic emissions.
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Table 3.25 GREET Assumptions in GHG Emissions of Poplar-Power Pathway.
Type

Value

Unit

LHV

15,929,111

BTU/dry ton

7,964.6
8,726.3
17.45
20
5.8
22.5
0.89408

BTU/lb
BTU/lb
MMBtu/dry ton
%
%
%

1,029.0

kWh/dry ton

HHV2
Poplar moisture weight
Poplar hydrogen weight
Efficiency (ηLHV )
LHV/HHV
Electricity generated

Source
(Wang, Dunn, and
Wang 2012)
Unit conversion1
(Cai et al., 2012)
Unit conversion
(Cai et al., 2012)
(Wang et al., 2012)
(Cai et al., 2012)
(Cai et al., 2012)
Eq. 38

1

Used conversion factors: 1 ton=2,000 lb, 106 BTU = 1 MMBtu, 3412 BTU= 1kWh.
HHV (high heating value) is converted from LHV (low heating value) using the equation:
BTU
BTU
]=LHV[
]+10.55×(moisture weight %+9×Hydrogen weight %)) from Cai et al. (2012).
(HHV[

2

lb

lb

The electricity-generation ratio per ton of poplar biomass is estimated following Eq. 38. We
obtain this equation from Cai et al. (2012) by rearranging the equation used for calculating
energy efficiencies 20 in terms of the net electricity generation variable.

Electricity generation ratio

kWh
dry ton

MMBtu
LHV
×(
)
dry ton
HHV
=
BTU
kWh to MMBtu conversion
× 100
kWh
MMBtu
22.5 ×17.45
× 0.89408
dry ton
=
BTU 1 MMBtu
3,412
×
× 100
kWh 106 BTU
ηLHV×HHV

= 1,029.0

(38)

kWh
dry ton

Then, the GREET default value of poplar biogenic emissions from Eq. 37 can be expressed
regardless of power generation technology by converting the units using Eq. 38. As calculated in
Eq. 39, CO2 biogenic emissions are now expressed in terms of CO2 eq. kg per poplar dry ton,
which can be used in any pathway for poplar chips.

20

It refers to Eq. 9 in Cai et al. (2012)
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CO2 biogenic emissions per poplar ton (CO2 eq. kg/dry ton)
= The initial biogenic CO2 eq. GREET coefficient (CO2 eq. kg/kWh)
× Electricity generation ratio

kWh
dry ton

= 1.59 CO2 eq. kg biogenic/kWh ×1,029.0
= 1,636.1

(39)

kWh
dry ton

kg CO2 eq. biogenic
dry ton

Step 2. Estimating our study specific poplar coefficient
As stated above, the estimated poplar CO2 biogenic emissions (1,636 CO2 kg per dry ton) are
the absolute amount of CO2 that is sequestrated per dry ton of poplar biomass. The same
biogenic CO2 emissions are expected to be in the poplar plantations of our study. We estimate
our study’s CO2 biogenic emissions by incorporating Indiana poplar yield and power generation
as shown in Eq. 40. For more information on calibration, Appendix D summarizes the poplar
biogenic emissions comparison between GREET and this study.

Poplar biogenic CO2 emission (Indiana biopower plant)
= CO2 biogenic [kg CO2 eq./dry ton]
× Indiana yield expected [dry ton/ha/3 years]
= - 1,636.1 [kg CO2 eq./dry ton] × 30.63[dry ton/ha/3 years]

(40)

= -16,704.4 [kg CO2 eq./ ha/year]
= -16,704 [kg CO2 eq./ha/year] ×(7,673×3) ha / (262,800 MWh)

= -1.463 [kg CO2 eq./kWh]

3.3.4

Emission Analysis Scenarios

We will conduct GHG emissions analysis in two scenarios. First, following the traditional
LCA method, we include all emissions from every process of each system. Second, we treat the
system as having zero net emissions (carbon neutrality) to examine the tentative environmental
policy. In the following section, we calculated the total carbon emission rates are calculated; this
will be used for scenario analysis.
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Scenario 1. Traditional LCA analysis method
By definition of LCA analysis, the total CO2 eq. emissions are estimated by summing all
emissions from the field to the stack of the power plant. Two sources of positive emissions (from
the poplar planation and the power plant operation) and one source of negative emissions (the
poplar’s biogenic emissions) are included. The three types of emissions are estimated in Eqs. 35,
36, and 40. Total LCA emissions are the summation of three emissions as in Eq. 41.
Life cycle GHG emissions (kg CO2 eq. /kWh)
= Plantation emissions + Power plant emissions
+ Biogenic emissions

(41)

= (0.06085) + (0.30181) + (-1.463 ) kg CO2 eq. /kWh

= -1,100 g CO2 eq. /kWh
Scenario 2. Carbon neutrality method

This scenario is based on the biopower plant’s carbon neutrality concept proposed by U.S.
EPA (2018b). In this scenario, the key idea is that the net GHG emissions of the total system are
considered to be zero (i.e., assuming a complete emission offset). Therefore, we assume that
poplar biogenic CO2 emissions are exactly the same as the sum of poplar plantation and power
generation emissions.
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CHAPTER 4.

RESULTS

In this chapter, the economic feasibility of the biopower plant in Indiana is analyzed. We use
two measures to evaluate this project: net present value (NPV) and a break-even price. As the
most commonly used method in investment evaluation, NPV is a discounted cash flow through
the project years. The break-even price calculates the minimum price required to make the
project have zero NPV. Both measures represent project valuation well; however, the break-even
price is more useful in our study. This is because renewable energy investments are likely to be
economically infeasible with negative NPV value, whereas a break-even price can deliver useful
information to investors by clearly showing the output price needed in order to recover the
production costs. Therefore, break-even price is calculated here for the poplar plantation, and,
using that price for the electricity plant feedstock cost, the break-even price is calculated for the
electric power. In addition, given that renewable power investments rely on government support
in some form, it is also useful to calculate a break-even carbon price, which is the price of carbon
that results in renewable power having the same cost as fossil power. Methodologically, we
provide economic analysis both deterministically and stochastically. From the deterministic
analysis, we focus on cost breakdown to have a general understanding of the cost structure of the
system, but we rely on a stochastic analysis result to obtain a break-even price of the system, to
incorporate risks and uncertainties. Lastly, we provide life cycle GHG emissions throughout the
entire operation of the system.

4.1

Deterministic Economic Results

4.1.1

Poplar Model Deterministic Result

The project assessment results are analyzed in economic and financial terms. In general,
economic analysis in this case simply means 100 percent equity financing – no borrowed money.
The financial analysis examines the project from a private investor’s viewpoint by accounting for
private costs and profits, such as loan payments and taxes/subsidies. In this study, we do not
include any tax or subsidy to the poplar production, therefore economic analysis is a nofinancing case, whereas financial analysis assume 40% of financing of the total costs at 8%
nominal loan interest rate.
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In financial analysis, the breakdown costs of the poplar plantations are shown in Figure 4.1.
The high value of Indiana farm land accounts for 31% of total costs. The second highest cost is
driven by high establishment expenses due to the high poplar planting density.

Figure 4.1 Total NPV Costs Breakdown (Poplar Plantation).

A deterministic break-even price is the price to make NPV poplar-production costs zero. The
financial break-even price will always be lower than the economic break-even price because this
loan interest rate (8%) is lower than the nominal discount rate (12.2%) assumed in this study. In
addition, as explained in section 3.1.2.3, we calculate the poplar sales price as 110% of
production break-even price so that poplar producers will have a 15% return rate.
Table 4.1 shows deterministic break-even prices and sales prices in the economic and
financial analyses. Among these, the financial sales price is used as a contract price between the
poplar fields and the power plant throughout the remainder of the study.

Table 4.1 Poplar Deterministic Break-even Price and Sales Price Estimation.
Economic

Financial

Break-even price (no margin)

$119.62/dry ton

$114.7/dry ton

Sales price (10% margin)

$131.58/dry ton

$126.2/dry ton

The NPV of total costs and the net benefits are calculated using the sales price of the financial
analysis, as shown in Table 4.2. The lowered total costs and higher net benefit in the financing
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analysis, in comparison to the economic analysis, indicates that the financing instrument greatly
influences the overall poplar plantation cash flow.

Table 4.2 The Deterministic NPV Result with Biomass Price of $127.5/dry ton Poplar.

4.1.2

Economic

Financial

NPV cost total ($)

$177,888,073

$170,581,014

NPV of net benefit ($)

$6,807,354

$14,114,414

System Deterministic Result

The system economics includes a power plant model in addition to a poplar model. The
power model is jointly developed with the poplar model based on the contract assumption at the
poplar sales price. We follow a similar method using poplar analysis to calculate NPV costs and
a break-even price. All other financing conditions, such as the discounting rate and the negative
tax inclusion, are applied, similar to the poplar model. Figure 4.2 illustrates that biomass fuel
purchase is the highest expense, comprising 46% of total cost. Following that, capital costs take
up 37% of the total cost.

Figure 4.2 The System NPV Costs Breakdown (Poplar and Power System).
The power plant’s revenue is calculated assuming power output is sold to the grid at 3.674 cents
per kWh, which was the wholesale electricity price for Indiana in 2017. As Table 4.3 shows, the
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NPV of net benefit is negative regardless of financing treatment. Thus, the total system
production costs cannot be compensated under the current electricity market price.

Table 4.3 The Deterministic System NPV Result with Power Price of $0.0367 kWh.
Economic

Financial

NPV cost ($)

$571,327,945

$488,215,016

NPV of net benefit ($)

-$336,971,437

-$253,858,508

The system break-even price is calculated by setting the net benefit NPV to be zero in both
economic and financial cases (Table 4.4). The estimated break-even price of this system, 20.8
cents per kWh, implying that there is a large price gap for this biopower plant system to be
competitive in the current Indiana wholesale electricity market.

Table 4.4 The Deterministic System Break-even.

Break-even price ($/kWh)

Economic

Financial

$0.222/kWh

$0.208/kWh

Table 4.5 shows the effects of financing practices and income tax. As predicted above, our loan
interest rate assumption (8%) always makes the financial break-even price lower than using the
base discount rate (12.2%). With income tax applied, the break-even price is lower than the case
without tax imposed as we allowed negative tax in our model by which a power-generating firm
can make use of its tax credits. Of course, if the power plant is not a part of a larger company so
that it could not offset tax losses, then the impact of taxes would be muted.

Table 4.5 Financing And Tax Effects on Deterministic System Break-even Price.

1
2

Loan assumption

Loan interest rate (8%)

Loan interest rate (12.2%)

Tax assumption

Tax zero

Tax 19.6% 2

Tax zero1

Tax 19.6% 2

Break-even price

$0.216/kWh

$0.208/kWh

$0.222/kWh

$0.215/kWh

This is the same assumption as economic analysis (No financing effect and zero tax rate)
Negative tax is allowed
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4.2

Stochastic Economic Result
We performed stochastic analysis by incorporating the uncertainties in estimating the break-

even price. The main advantage of stochastic analysis is that the risks are quantified in terms of
the final output price. Thus, an investor or policymaker can consider the break-even price
interval to incorporate the risks associated with the project into their decision-making.
The uncertainties of the stochastic parameters are explained in detail in section 3.1.3. For the
three stochastic parameters (yield, moisture content, and planting costs), each parameter is not
correlated through time in our system. Yield and moisture content vary stochastically every year
throughout the 52 years of system operation. Planting costs are also assumed to be independent
(yearly), but only three planting times are allowed to be stochastic. Therefore, in one iteration 98
stochastic random values are populated (Table 4.6).

Table 4.6 Stochastic Parameter Numbers per Iteration.
Stochastic parameter
Yield

Variable No.
48

Moisture content

48

Planting cost
Total no. of random parameters per one iteration

3
98

Because the number of variables are high in our model, we use 9,800 iteration numbers to ensure
the mean value of the simulation distribution has a consistency based on the law of large
numbers in statistics.
.
4.2.1

Poplar Model Stochastic Result

The poplar chip break-even price is calculated by having a 10% price margin for poplar
growers (the sales price). Following the Monte-Carlo iteration steps described above, Figure 4.3
shows the distribution of poplar sales prices, and the descriptive statistics are summarized in
Table 4.7. The mean value of the poplar sales price is $127.54/dry ton, similar to what we
observe in the deterministic financial analysis. However, the standard deviation is relatively large
because of plantation uncertainties. With a 5% and 95% confidence interval, the riskincorporated poplar sales price is between $123.35 and $131.84.
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Figure 4.3 Poplar Stochastic Price Distribution.
Table 4.7 Poplar Break-even Statistics.

4.2.2

Mean

Std. Dev.

Confidence interval (95%)

$127.54/dry ton

2.572

[123.35, 131.84]

System Stochastic Simulation Result

We developed the poplar model and power plant model in separate Excel spreadsheets but
connect them to each other. This means that the same stochastic variances of each of the
iterations are shared throughout the system in the stochastic analysis. The system break-even
distribution is generated based on the 200 iterations in the poplar model stochastic analysis.
Figure 4.4 shows the system break-even price is a distributed mean of $0.211/kWh within the ±
0.21cents/kWh of standard deviation. Compared to the poplar model’s price interval, the system
break-even prices have smaller variances because there is no uncertainty on the power plant side
(Table 4.8). At a 95% level of confidence, the system break-even price is likely to be between
20.7 and 21.5 cents/kWh.
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Figure 4.4 System Break-even Price Distribution.
Table 4.8 System Break-even Statistics.

4.3

Mean

Std. Dev.

Confidence interval (95%)

$0.211/kWh

0.0021

[0.20740, 0.21466]

Environmental Emission Result
The total environmental GHG emissions are calculated to examine environmental

contributions of this bio power system. Due to the policy uncertainty regarding the treatment of
carbon for the biopower plant, two emissions scenarios are considered (details are in section
3.3.4). The traditional LCA method is used in the first scenario, and carbon neutrality is applied
in the second scenario.
The emissions vary independently on a yearly basis, in accordance with the various
plantation activities, such as pest control and fertilization (details are in Table 3.24) and power
plant utilization levels. As Figure 4.5 shows, poplar plantation emissions fluctuate, with high
emissions during the years when intensive field activities are required. However, power sector
emissions are fixed because of constant operations, and biogenic emissions are considered to be
constant, given that annual incremental growth of poplar trees is considered to be constant.
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Figure 4.5 LCA Emission Change through Time.

To obtain the representative value of emissions, total NPV emissions and power output are
discounted at a rate of 6% for 51 years and expressed in CO2 eq. gram per kWh. The total GHG
emission estimates of the two scenarios are illustrated in Figure 4.6. For LCA analysis, the total
emissions are estimated by integrating all GHG emissions from each of the processes. The net
emissions (blue bar) show that there will be significant emission heterogeneity, depending on the
method used to estimate GHG emissions. In the LCA method, negative 1.28 kg/kWh net
emissions are expected, whereas in the carbon neutrality analysis, the net emission is assumed to
be zero.

Figure 4.6 System Net GHG Emissions of Two Scenarios (CO2 eq. g/kWh).
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CHAPTER 5.

ANALYSIS

To further explore the economic valuation of the biopower plant in Indiana, three analyses
are discussed in this chapter. In the first analysis, we optimize poplar plantation production to
favor the economic competitiveness of the project. In the second analysis, we explore a carbon
policy context under which this biopower plant system can be viable. Lastly, we compare the
economics with the three land types to observe the profitability changes in the different project
settings.

5.1

System Optimization
The production optimization is a field-design strategy that is used to find an optimal

production level at which the system break-even price is the lowest. This practice is useful for
two reasons. First, we can verify economic effectiveness of the initial design assumption. For
this, we assumed 10% overproduction (of the power plant annual demand) to avoid production
shortages. Second, we can estimate the extent of the optimization effect on project economics.
To examine this effect, we compare the system break-even price with the optimized production
and without optimized production. These investigation processes are used throughout the
following sections: a background on poplar production, the optimization methods, and the
results.
5.1.1

Background on Poplar Production and Consumption

The production decision needs to be examined in the context of the economic tradeoffs for
two aspects (poplar plantation and power plants) in the system. Plantation output is used as an
input resource to the power generator, because any changes in poplar production will not only
affect the poplar field, but also power plant operation costs. We can conceptualize this
mechanism for cases of both over- and under-production of poplar. Overproduction refers to the
situation where more poplar biomass is harvested than is needed to meet the demand of the
power plant, and underproduction is the reverse.
Figure 5.1 depicts how the poplar biomass production (Qs in the left-hand graph) affects the

quantities of biomass available for the power plant (Q1 in the right-hand graph). For instance,
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when insufficient poplar biomass is produced (Qs < QD ), total poplar biomass is purchased by

the power plant (Qs = Q1 ). In contrast, when excess poplar biomass is produced (Qs > QD ), the

power plant only purchases enough poplar chips to meet its demand (QD = Q1 ). In the first case,

the biomass shortage amounts can be expressed as a difference between demand and supply (QD Qs ), and in the second case, biomass surplus can be expressed as oversupply quantity minus

demand (Qs -QD ).

When poplar biomass falls short of power-plant demand, the plant operator will consider

purchasing woodchips (Q2) to meet the needed biomass quantity (QD - Qs ). The yellow area in

Figure 5.1 shows this purchase decision; therefore, the total power plant’s biomass is a

summation of biomass from the poplar fields and the biomass from woodchip purchases
(QTotal = Q1 + Q2 ). This amount cannot exceed the total biomass demand quantity (QD ).

Figure 5.1 Biomass Production and Consumption Concept.

Based on this framework, we will explore the economic tradeoffs of each option in response
to changes in poplar production levels. To do so, we make assumptions that biomass sale prices
are fixed, and that prices are different in purchase and sale circumstances. Figure 5.2 depicts all
prices used in the optimization study. It should be noted that we used a woodchip purchase price
of $150/dry ton in this optimization model, rather than the one used in the base case analysis
($93.5/dry ton) in Figure 3.1. It is necessary to set a woodchip market price higher than a poplar
price in order to have a mathematically valid optimization solution. Otherwise, the optimization
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result will always lead to zero poplar production and a 100% woodchip purchase from the
market because the latter is cheaper. Therefore, the woodchip market purchase price (p3 ) is

assumed to be $150/dry ton when the poplar contract price (p1 ) is $127.5/dry ton and the over-

produced poplar woodchip sales price to the market (p2 ) is $85/dry ton.

Figure 5.2 Optimization Case Chip Sales Price Options.

By incorporating the quantity and price differences as described above, several economic
tradeoffs for each agent under the different poplar production scenarios can be contemplated. For
example, in the over-production case, poplar producers bear higher input costs in order to overproduce chips, but power generators operate their plants at lower costs because there is no need
to purchase expensive woodchips from the market. In contrast, in the poplar shortage case,
poplar producers have lower production costs as well as lowered revenue, but the power plant
operator absorb higher costs due to woodchip purchase price being higher than the price of
plantation-grown poplar chips. Thus, when it comes to the system as a whole, it is unclear when
the best profitability is achieved, given the various tradeoffs. To examine this issue, our objective
is to coordinate system operations in a way that leads to the best economics for the whole
system.
5.1.2

Optimization Model and Method

We developed a model to capture the economic tradeoffs led by the aforementioned
production changes by the equations shown below. We introduce two coefficients that are to be
optimized. The first coefficient, δ, is a production optimizer, as it determines the final poplar
production level, as shown in Eq. 42. The total production is zero when δ is negative one, and
there is 10% over-production when δ is 0.1.
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Poplar production (Qs ) = Plant demand (QD ) × (1 + δ),

(-1 ≤ δ ≤ 0.1)

(42)

Second, the woodchips purchase coefficient, β, comes into play in the case when the production
falls short of demand (i.e., when δ < 0). This is because the power plant operator would consider

purchasing woodchips from the market only when poplar chips do not meet total demand. The
decision would be based on the economic tradeoffs of the power plant between the increased

biomass purchase costs and the increased sales revenue from the power plant. In this case, β can
determine how many woodchips should be purchased from the outside market. Eq. 43 illustrates
the biomass purchased from the woodchip market (Q2 ), which is determined by the purchase

coefficient (β). When β is zero, the power plant does not purchase woodchips, and reduces its
operation costs in accordance with the supplied biomass. However, when β has a value of 1, the
power plant purchases 100% of the biomass needed to meet its annual demand.
Extra biomass purchased (Q2 ) = �QD - QS� × β,

(0 ≤ β ≤1)

= �(QD - QD × (1 + δ)� × β

(43)

We then identified the objective function of this optimization analysis, which done to
minimize the total system break-even price. We use the same mathematical formula to estimate
the break-even price that was derived by Zhao et al. (2016). We set the break-even price as the
objective function of this optimization model (Eqs. 44 and 45).

NPV = �
NPV = �

n

n

Bt - Ct
t
t=0 (1 + r)

n
Bt
Ct
�
t
t
t=0 (1 + r)
t=0 (1 + r)

(44)

(45)

We included all benefits (Bt ) and costs (Ct ) associated with the poplar biopower system. In

estimating system benefits in Eq. 46, the first term is power-model benefit. As the only revenue
of the power model, electricity sales are calculated using the total electricity generated and the
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electricity price. The total electricity is expressed as a function of total biomass available at the
power plant, f(QTotal ), so it captures power output adjusted by biomass quantity. The second and

third terms represent the biomass sales revenue. The second term is when poplar chips are sold to
the power plant at the contract price (p1 ), and the third term represents surplus poplar chips sales

to the woodchip market at the market price (p2 ).

Bt = � { �f �QTotal� × pelectricity � + [Q1 ×p1 ] + [(QS - Q1 ) × p2 ]}

(46)

Similarly, all costs used for the system operation are included in Eq. 47. The terms in the first set
of square brackets represent the total cost to the power plant for fuel purchases, and includes
variable and fixed-capital costs. Note that the variable costs (G) are expressed as a function of
biomass amount (QTotal ), whereas the fixed cost (γ) is independent of the plant’s utilization

level. The term in the second set of bracket represents the costs associate with the poplar
plantation.

C t = � [�Q1 × p1 + Q2 × p3 �+G( QTotal ) + γ ] + [H �Qs �]

(47)

By applying Eqs. 46 and 47 to the NPV formula (Eq. 45), we derive our study’s NPV formula
(Eq. 48).

n

NPV =�
t=0

�f �QTotal� × pelectricity � + [Q1 × p1 ] + [(QS - Q1 ) × p2 ]
(1+r) t

[�Q1 × p1 + Q2 × p3 � + G(QTotal ) + γ ] + [H �Qs �]
─�
(1 + r) t
t=0
n

(48)

By definition, the break-even price is the price of output that results in a NPV of zero (Zhao et
al.). In our study, therefore, pelectricity is our system’s break-even price and this can be expressed
by rearranging Eq. 48 as shown in Eq. 49.
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pelectricity

=

∑nt=0

�Q × p �+[(QS - Q1 ) × p2 ]
[�Q1 × p1 +Q2 × p3 �+G(QT otal)+ γ ]+[H�Qs �]
∑nt=0 1 1
t
(1+r) t
(1 + r)
�f �QTotal��
∑nt=0
(1 + r) t

(49)

To simplify the break-even price expression, we changed biomass quantity terms (Q1 and Q2 ) to

be modified using the two coefficients (δ, β), the objects of the optimization. As illustrated in

Figure 5.1, the power plant biomass from the poplar field (Q1 ) is the same as total poplar supply
(Qs ) when the poplar supplied is less than the fuel demand, but Q1 is just the power plant’s fuel
requirement quantity (QD ) when the supply exceeds the demand (Eq. 50).
Q1 = QS
�
Q1 = QD

(if Qs < QD )
�if Qs > QD �

(50)

Based on these two cases, we can also rewrite Q2 in terms of a fixed parameter, the power plant
biomass demand (QD ) and the optimization coefficients (δ, β).
Q2 = (QD - QS) × β
� = (QD - Q1 ) × β
Q2 = 0

(if Q s < QD )
�if Qs > QD �

(51)

We can rewrite the break-even price’s mathematic formula (Eq. 49) using Eqs. 50 and 51. The
break-even price in the case of poplar short supply (QS<- QD ) is in Eq. 52, and the break-even

price in the poplar over-production case (QS > QD ) is calculated in Eq. 53.
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pelectricity =
∑nt=0

��QS × p1 + (QD - QS)×β × p3 �+G�QS + �QD - QS�×β �+γ �+ �H�Qs ��
�Q × p �
∑nt=0 S 1t
–
t
(1 + r)
(1 + r)
�f�QS + �QD - QS� × β��
∑nt=0
(1 + r) t

(52)

when (QS < QD ).

pelectricity =

∑nt=0

when (QS > QD ).

��QD × p1 � + G�QD � + γ � + �H�Qs ��
� Q × p +�QS - QD � × p2 �
∑nt=0 D 1
–
t
(1+r)
(1 + r) t
�f�QD ��
∑nt=0
(1 + r) t

(53)

Equations 52 and 53 can be further simplified to be expressed only in terms of the known
variable (annual biomass demand, QD ), and the optimization coefficients (δ and β) using Eqs. 42

and Eq. 43. This formula can be used as the minimization objective function in our optimization
by finding the production coefficient and the woodchip purchase coefficient. Equation 54 is the
objective function in the poplar short-production case.

min pelectricity =min
δ, β

δ, β

∑nt=0

��QD ×(1+δ)×p1 +(QD -QD×(1+δ))×β × p3 ��+

G�QD×(1+δ ) -�QD ×δ�×β �+γ ]+ �H �QD ×(1+δ )��
(1+r) t
�f �QD ×(1+δ)+�-QD ×δ �×β��
∑nt=0
(1+r) t

�QD ×(1+δ)×p1 �
(1+r) t
�f�QD ×(1+δ)+�-QD ×δ �×β��
∑nt=0
(1+r) t
∑nt=0

when (Qs < QD ).

(54)
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In the same manner, Eq. 55 specifies the objective function when there is an over-supply from
the poplar plantation. Note that the β coefficient disappears in this surplus case, because plant
biomass demand is fulfilled by sufficient poplar production.

min pelectricity =min
δ

δ

∑nt=0 ([�QD×p1 �+G�QD �+γ ]+H(QD ×(1+δ )])/ (1+r) t
∑nt=0

-

when (Qs > QD ).

�f�QD ��
(1+r) t

�QD ×p1 +QD ×δ �
(1+r) t
�f�QD ��
∑nt=0
(1+r) t

∑nt=0

(55)

We use the @Risk optimizer (Version 7.5, Palisade, 2016) to simulate the optimization
iterations. With @Risk, the selected variables are optimized to satisfy the optimization goal (e.g.,
minimum, maximum or target value) while accounting for uncertainty parameters. In other
words, the optimization result is generated based on a Monte Carlo simulation run for every trial.
During optimization, each trial improves the model by changing the combination of optimization
variables to achieve the target goal using genetic algorithms. The optimized value can be
changed in different trials, because the final optimization result is also based on a very particular
and random run. In addition, the objective of optimization is mostly likely to be flat in the space
of optimal solutions so that there could be other optimized values to generate similar target
values. For one optimization simulation, we perform 100 trials, each of which has 200 MonteCarlo iterations. Given that optimization results can vary slightly in each stochastic risk
simulation, we performed 50 optimization simulations in total to obtain the mean value of
optimization coefficients (Appendix E). Based on the optimized result, we generate 9,800 data
points 21 to perform the stochastic analysis.

21

Chapter 0 explains the rationale for 9,800 data-point population.
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5.1.3

Optimization Results and Implications

We find that the optimization results of two coefficients (β and δ) are 100% and 0.83%,
respectively. It is notable that the market purchase coefficient (β) was 100% for all optimization
trials. This result indicates that it is an economically better decision for the power plant to obtain
any needed biomass even at the high market purchase price. The reason is because the power
plant operation is needed to compensate for its high capital costs. In other words, for full
capacity operation, it is worthwhile to take some production cost increases if biochips are not
fully supplied for any reason. On the other hand, a poplar production coefficient (δ ), 0.83% is

much smaller than our initial assumption of 10%. This, however, still supports the idea that the
poplar over-production design makes economic sense in order to produce chips sustainably,
considering the risks. However, more importantly, there is a large discrepancy in how much to
over-produce. This can be understood in regards to the two different implications of surplus
biomass. The surplus poplar biomass could help in reducing risks of the biomass shortage to the
power plant, but it could also be a risk to poplar growers, who must deal with an excess stock.
Given the assumptions of this optimization problem, the market sales price of surplus poplar
biomass ($85/dry ton) is lower than its break-even price ($127/dry ton), meaning that excessive
poplar may hinder the system profitability by harming the poplar production profitability. In any
case, slightly higher production than power plant’s biomass demand is recommended to lead to
the best system economics.
To estimate the effectiveness of optimization quantitatively, we compared the economic
outcomes in with and without optimization in Table 5.1. In addition, we looked at the

optimization practice in two settings; existing woodchip market and not-existing case. This was
implemented because we suspected that overproduction decision may be affected by woodchip
market availability. For example, there may not need to assume overproduction if any
insufficient biomass can be purchased from the woodchip market in the poplar supply shortage.
We defined the market existence case as when the poplar growers could sell their surplus poplar
chips, and, also, the power plant could buy woodchips when needed. Based on the two-sample ttest 22, we found that the mean of all distributions in Table 5.1 are statistically different at 95%
level.

22

t-statistic=(μA -μB)/(�

σ2A

NA

+

σ2B
NB

), (Snedecor and Cochran 1989)
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We note that the existing biomass market will improve the profitability of our economic
system. As Figure 5.3 shows, the system break-even price is 1 cent/kWh lower when the
woodchip market is available (red graph), as opposed to the no-market case (black graph),
because of the flexible biomass sales and purchase transactions. In other words, the market
reduces the biomass shortage risk to the power plant, and reduces the biomass surplus risk to
poplar growers. Thus, under existing market conditions, by reducing the overall risk, the breakeven price’s stochastic distribution is more densely centered with a smaller standard deviation.
However, when it comes to optimization effectiveness, we determined that the effect is small.
These trends can be seen in the comparisons of the break-even prices in the last two columns in
Table 5.1. The mean break-even price is lower by 0.03 cents/kWh with the optimized production
management, as compared to the without optimization case. This marginal effect is because the
penalty of non-optimization is relatively small under our study assumptions. The large volume of
over-producing poplar chips in the non-optimization case (Table 5.1) is compensated, at least
partially, by sales to the woodchip market. In other words, even though the surplus sales cannot
completely pay off the over-production costs, the market sales still contribute to favoring the
break-even price, as opposed to the penalty of the over-production costs in the non-optimization
case.
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Table 5.1 Optimization Result and Comparison.
Unit
Poplar production buffer
(δ)
Extra market purchase
(β)

W/o market
No opt. Optimized

With market
No opt.
Optimized

%

10

9.89

10

0.83

%

No

No

100

100

Land size

ha

7,666

7,666

7,674

7,034

Poplar field production

ton/yr

228,236

227,994

228,226

209,199

Overproduction

ton/yr

21,412

21,233

21,407

9,070

Poplar consumption(Q1)

ton/yr

206,824

206,761

206,820

200,130

Market purchased
chips(Q2)

ton/yr

No

No

5,740

12,430

Total plant chips(Q1+Q2)

ton/yr

206,824

206,761

212,560

212,560

Electricity production

MWh/yr

254,377

254,299

261,431

261,431

Power plant utilization

%

97.3

97.3

Full
capacity

Full
capacity

System cost

$M

484

483

490

477

Break-even price
(mean)
(Std. dev.)

$/kWh

0.2212

0.2211

0.2118

0.2115

$/kWh

95% interval

$/kWh

0.0029
[0.2165,
0.2261]

0.0029
[0.2163,
0.2259]

0.0022
[0.2082,
0.2154]

0.0022
[0.2079,
0.2152]
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Figure 5.3 Optimization Case Studies; System Break-even Price Comparison.
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5.2

Carbon Tax Policy Analysis
In this analysis, we examined the potenial of a carbon tax policy favoring the feasibility of a

biopower plant system. To do so, we investigated Indiana’s power generation units and
quantified the impact of carbon taxes on power-production costs. In general, a carbon tax is
assumed to be a global, uniform tax that is imposed on any power generating units, and is based
on their GHG emissions rate (g CO2 eq.). This exercise captures the appropriate carbon tax rate
when increased electricity prices match a biopower plant’s break-even price. We begin with a
brief introduction to the carbon tax mechanism and quantify carbon tax burdens on the Indiana
power market, based on its emissions. Lastly, our goal is to find a carbon tax rate that will allow
biopower plant systems to break even.
5.2.1

Carbon Tax Policy and Indiana Power Sector

Carbon tax is an economic instrument for mitigating carbon emissions through market price
changes. The key idea is that, in the energy industry, a carbon tax burden would be substantially
different depending on carbon emission intensity of generation units. Under a globally uniform
tax assumption, the increased production costs due to carbon taxes are much higher to carbonintensive sourced plants (e.g., coal power plants) than to energy generation technologies (e.g.,
natural gas, renewable-energy plants) that emit less CO2. As a result, renewable energy facilities,
which originally have high production costs compared to fossil-fuel power plants, in the absence
of a carbon tax, can become economically competitive. We apply this mechanism to estimate the
carbon tax’s effect on conventional energy units versus its effect on poplar biopower plant units,
and compare the differences between the two systems.
In an analysis of carbon tax impacts on Indiana electricity prices, we make two assumptions
about energy rebound effects that might occur in response to carbon tax. 1) Energy substitutions
from carbon-intensive fuel (e.g., coal) to a less carbon-intensive one (e.g., natural gas or a
renewable source) are not considered in the 2017 Indiana power fuel mix, and 2) The total
electricity generation levels in 2017 are fixed. We recognize neither of these assumptions are
valid over the long run, but power plant configuration and demand adjustments take time, so we
believe the assumptions permit an approximation of that the tax would need to be. Under these
assumption, we expect to investigate the static market behaviors in response to the carbon tax
that is imposed. The fuel composition and amounts of electricity generated in Indiana in 2017 is
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shown Figure 5.4, and is based on the data collected from EIA 23. As depicted in Figure 5.4, 72%
of electricity produced in Indiana was derived from coal, and 19% was from natural gas.

Figure 5.4 The Fuel Composition of Indiana Power Sector in 2017.
5.2.1.1 Heterogeneous Emissions of Indiana Power Units
Indiana power plant technology
Indiana power generation systems can also be investigated based on other dimensions, such
as fuel specification and generation technologies. This effort is critical in estimating life-cycle
emissions, as studies have argued that even the same fuel can be differentiated with regard to its
quality and content, as well as the pathway technologies for how it is used (Cai et al., 2012; Paul
et al., 2013). In that regard, we account for the specific fuels and mover pathways in the Indiana
power sector, which is comprised of 27 sub-technologies (the combination of 15 sub-fuel types
and 9 prime mover types). Table 5.2 shows 2017 power generation from these sub-technologies,
which comprise a total power output of 100 TWh.

Emission factors
In LCA literature, emission factors are generally expressed in terms of CO2 equivalent per
unit of electricity produced (g CO2 eq./kWh) (Cai et al.). This is a good measure to parameterize
GHG emissions of different power-generation pathways. Argonne National Laboratory reported
on the emission factors of various electricity-generating units (EGUs) and recognized the
23

Annual electric utility data (EIA923) and EIA electric generator data (EIA-860 schedule 3)
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importance of different emission levels from various EGUs (Cai et al., 2012). From this report,
we obtained the emission factors for each EGU used to generate power in Indiana in 2017, and
overlaid the electricity generation data collected from EIA23 (Figure 5.5) to show the generation
level and emission contribution. It is apparent that emission factors vary substantially across
Indiana EGUs. When emissions are combined with the generation level, coal-power plants are
the main source of GHG emissions in Indiana, as suspected.

Figure 5.5 The Emission Factors of EGUs in Indiana (2017).

Table 5.2 summarizes the power output and GHG emissions of various generation pathways. The
utility generation data were from EIA-923, EIA-860 schedule 3, and GHG emission factors, were
derived from Cai et al. (2012).

Table 5.2 2017 Indiana EGUs Pathways’ Power Generation and GHG Emission Rate.
Fuel type
Coal

Full name
Bituminous coal
Coal-derived synthetic gas
Sub-bituminous Coal
Sub-total (Coal)

Natural
gas

Natural gas

Prime mover
• Steam turbine
• Combined cycle steam
• Combined cycle steam
• Combined cycle combustion turbine
• Combined cycle combustion turbine
• Gas turbine
• Internal combustion engine
• Steam turbine
• Combined cycle steam
• Combined cycle combustion turbine

Sub-total (Natural gas)
Blast Furnace gas
Other
gases

Other gas

• Steam turbine
• Others
• Internal combustion engine
• Steam turbine

Sub-total (Other gases)
Petroleum

Distillate fuel oil (Diesel No.1, No.2, and No.4 fuel oils)

Residual fuel oil (No.5, No.6 Fuel oils, and Bunker C fuel oil)
Sub-total (Petroleum)
Renewable Hydro energy
Solar energy
Wind energy
Sub-total (Renewable)
Biomass

Other biomass gas
Landfill gas

Others
Total

Municipal solid waste
Sub-total (Biomass)
Waste heat

• Gas turbine
• Internal combustion engine
• Steam turbine
• Steam turbine
• Hydroelectric Turbine
• Photovoltaic
• Wind Turbine
• Internal combustion engine
• Steam turbine
• Gas turbine
• Internal combustion engine
• Steam turbine
• Steam turbine

Utility
generation
(MWh)
57,420,138
603,706
1,052,191
1,599,260
11,811,287
72,786,581
1,893,187
48,446
1,936,684
4,678,934
9,881,062
18,438,312
2,154,924
106,380
15,633
857,966
3,134,903
4,025
1,360
103,924
16,704
126,014
467,929
355,735
4,742,257
5,565,921
81,036
19,431
1,884
331,535
20,224
454,109
286,645
100,492,487

(%)

Emission factor
(g CO2 eq/kwh)
958.5
958.5
892.1

72.4

18.3

3.1

0.1

5.5

0.5
0.3
100

892.1
925.3
644.9
3.4
1,066.1
424.3
424.3
512.6
1,492.6
1,492.6
1,983.1
1,101.5
1,517.5
872.4
797.5
1,183.6
793.6
911.8
37.3
6.6
37.3
27.1
-
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5.2.1.2 Total GHG Emissions
Total GHG emissions for each technology are estimated by multiplying the electricity
generated (MWh) and the GHG emission factors specified in Table 5.2. As one example, Eq. 56
shows how to calculate the estimated total emissions of bituminous coal from a steam-turbine
power plant.
Bituminous coal (Steam Turbine) CO2 eq. emission
= Power output MWh/yr × emission factor
kg CO2 eq
= 57,420,138 MWh/yr × 958.5
MWh
= 55,037,064 t CO2 eq./yr

kg CO2 eq.
MWh

(56)

Using the same procedure, yearly GHG emissions for all technologies were calculated, and
summarized in Table 5.3.
Table 5.3 2017 Indiana Total GHG Emission by Power Pathways.
(Fuel) Sub fuel - Prime mover1
(Coal) Bituminous coal-ST

Emission

Unit

55,037,064 t CO2 eq. /yr

(Coal) Bituminous coal-CA

578,651

t CO2 eq. /yr

(Coal) Coal-derived synthetic gas-CA

938,711

t CO2 eq. /yr

(Coal) Coal-derived synthetic gas-CT

1,426,779

t CO2 eq. /yr

(Coal) Sub-bituminous coal-CT

11,991,832 t CO2 eq. /yr

(Natural Gas) Natural gas-IC

165

t CO2 eq. /yr

(Natural Gas) Natural gas-CA

1,985,486

t CO2 eq. /yr

(Natural Gas) Natural gas-CT

4,192,988

t CO2 eq. /yr

(Natural Gas) Natural gas-GT

1,220,921

t CO2 eq. /yr

(Natural Gas) Natural gas-ST

2,064,618

t CO2 eq. /yr

945,053

t CO2 eq. /yr

(Other gas) Blast Furnace Gas-ST

3,216,500

t CO2 eq. /yr

(Other gas) Blast Furnace Gas-OT

158,786

t CO2 eq. /yr

(Other gas) Other Gas-IC

31,002

t CO2 eq. /yr

(Other gas) Other gas-ST
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Table 5.3 Continued
(Petroleum) Residual fuel oil-ST

13,257

t CO2 eq. /yr

(Petroleum) Distillate fuel oil-IC

1,085

t CO2 eq. /yr

(Petroleum) Distillate fuel oil-GT

3,512

t CO2 eq. /yr

(Petroleum) Distillate fuel oil-ST

123,006

t CO2 eq. /yr

(Renewable) Sun-PV

-

t CO2 eq. /yr

(Renewable) Hydro-electric - HY

-

t CO2 eq. /yr

(Renewable) Wind-WT

-

t CO2 eq. /yr

(Biomass) Other Biomass Gas-ST

-

t CO2 eq. /yr

725

t CO2 eq. /yr

(Biomass) Landfill gas-GT

-

t CO2 eq. /yr

(Biomass) Landfill gas-IC

2,175

t CO2 eq. /yr

755

t CO2 eq. /yr

-

t CO2 eq. /yr

(Biomass) Municipal Solid Waste-Non Biogenic-ST

(Biomass) Municipal Solid Waste – Biogenic-ST
(Other energy source)Waste heat-ST
Total GHG emission
1

5.2.2

83,933,068 t CO2 eq. /yr

ST: steam turbine, CA: Combined cycle steam part, CT: combined cycle combustion turbine, GT: gas
turbine, IC: Internal combustion engine, OT: Others, PV: photovoltaic, HY: hydroelectric turbine, WT:
Wind turbine

Biopower Plant System Emissions

In section 3.3.3, we developed two environmental emission scenarios for our biopower plant
system. One is based on the LCA analysis and the other assumed carbon neutrality. As shown in
Figure 4.6, we estimated the net GHG emissions based on the LCA analysis was -1,280 g CO2
eq/kWh; zero net emission is assumed in the carbon-neutrality scenario.
5.2.3

Carbon Tax Estimation and Implications

As seen in Table 5.3, when a uniform carbon tax is imposed per tons of CO2 eq. emissions to
all EGUs in Indiana, coal power plants are expected to be taxed the most because of their high
emissions. Similarly, the tax burden will differ on each EGU, depending on the total emission
quantities, but all the conventional EGUs will be taxed if a carbon tax is imposed. However, for
the biopower plant, it could be possible to receive tax credits if the negative net emissions
predicted by the LCA analysis was achieved.
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We first estimated the increases of production costs from the current EGUs in Indiana. In
order to do this, we assume that 100% of the increase in cost will be pass through to wholesale
electricity price increases. Therefore, the increments found in the electricity price—which are
caused by the carbon tax—can be calculated by aggregating the total carbon tax amounts
imposed to all EGUs and dividing it by the total electricity generated. Then the increased
production costs are expressed in the unit of $/kWh, which will be added to the current
wholesale electricity price to estimate the new electricity price. Following this method, we
calculated the new electricity price with the increasing carbon taxes (Figure 5.6, solid line).
For the biopower plant, a carbon tax would not increase the production costs; rather it would
lead to no increase or, at best, a lowering of the costs. In the carbon-neutrality scenario, there
will be no change in the biopower plant operation costs because there are no carbon emissions
(Figure 5.6). However, according to the LCA results, the production costs of the biopower plant
would decrease because of the carbon tax credits, based on the negative net emissions (Figure
5.6).
With carbon taxes, we find that the biopower system can break even when the new wholesale
electricity price matches it. The appropriate carbon tax is indicated by the intersection of the two
prices (Figure 5.6). Depending on the emission quantification methods, the carbon tax can be as
small as $90/ton CO2 eq., but it can be as high as $215/ton CO2 eq. (Table 5.4).
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Figure 5.6 Carbon Tax Rate Making Biopower Plant System Feasible.

Table 5.4 System Break-even Inducing Carbon Tax.
Carbon tax

Electricity price

($/CO2 eq. metric ton)

($/kWh)

Case 1, LCA analysis

89.9

0.1118

Case 2, Carbon neutrality

215.2

0.2165
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We compared our estimated carbon tax rates with those in the existing literature. The
interagency working group of the U.S. government 24 quantified the social cost of $45 per ton of
CO2 eq. emissions. This calculation captured the monetized damages along with an incremental
increase in carbon emissions inter-generationally at a 3% discount rate (U.S. Government, 2010).
According to the report, a broad spectrum of socio-economic damages was included in this
estimation such as net agricultural productivity, human health, increased flood risk, etc.
There is also literature suggesting higher carbon tax rates. Peña-lévano et al. (in prepartion)
estimated $150/ton CO2 eq. is required to meet the 50% emissions reduction target of the Paris
Accord. Similarly, several other studies also estimated that higher carbon tax rates are needed to
achieve some emission reduction goals; $375/ ton CO2 ; Kim et al. (2006), $160/ ton CO2 eq.;
Sarica and Tyner (2013); $241~544 /ton CO2 eq.; Girod et al.(2012).
Given the various carbon valuations, we come to realize that the biopower plant project’s
viability will depend upon the carbon tax rate chosen by the policymakers. The project is feasible
only if the carbon tax is imposed above what is estimated for this biopower plant. Table 5.5
summarizes how the feasibility of the poplar biopower plant is changed under the two different
carbon-tax scenarios. It becomes only feasible when the biopower plant’s negative emissions are
permitted—by following the LCA method—and when the carbon tax is high enough to meet the
Paris Accord goal.

Table 5.5 Poplar Biopower Plant Feasibility Changes with Carbon Taxes.
Potential carbon tax applied
Paris accord 2

($45/t CO2 eq.)

($150/t CO2 eq.)

LCA analysis
($90/t CO2 eq.)3)

Not feasible

Feasible

Carbon neutrality
($215/t CO2 eq.) 3)

Not feasible

Not feasible

1
3

24

Social cost of carbon 1

Source: US Government (2010), 2 Source: Peña-lévano, Taheripour, and Tyner (Forthcoming)
The break-even carbon taxes of biopower plant referred from Table 5.4

https://www.epa.gov/sites/production/files/2016-12/documents/scc_tsd_2010.pdf
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5.3

Sensitivity Analysis

5.3.1

Land Type Study Description

In this analysis, we explore the effects of the land quality on biopower plant feasibility. We
use the three types of land quality: excellent, average, and poor, as introduced in section 3.1.1.
The main difference among land type is yield performance (Table 3.3).

Table 3.3 The Final Poplar Yield Parameter of Southern Indiana (Second Cut).
Mean
48.19
30.63
20.92

Excellent land
Average land
Poor land

Unit
ton/ha
ton/ha
ton/ha

Based on yield, we estimate the required land size for the three land types to meet the power
plant’s biomass demand. As suspected, the least area is needed for excellent land because of its
high yield, while the largest amount of poor land is needed to meet the demand as shown in
Figure 5.7.

Needed planting land area
Land needed (hectare)

12,000

11,241

10,000
8,000

7,674

6,000
4,878

4,000
2,000
Poor

Average

Excellent

Land needed (ha)

Figure 5.7 Three Land Types’ Needed Land Area.

We also focused on the differentiated economic value of the three land types. To represent
this value, we used Indiana farm cash rents; the most expensive rents in Indiana agricultural
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lands in 2016 were considered to be the cost for excellent land and the cheapest rents for the poor
land type. Specifically, we use the rent data of the agricultural districts of southern Indiana
obtained from the USDA survey statistics (United States Department of Agriculture National
Agricultural Statistics Service). As Figure 5.8 and Figure 5.8 show, the required land size and the
land costs have an inverse relationship.

Land cost
700
Land cost ($/ha)

600

593

500
400
330

300
200
100

67

Poor

Average

Excellent

Land cost ($/ha)

Figure 5.8 Three Land Types’ Land Costs.
In addition, to perform stochastic analysis, we estimated the stochastic distributions of yield
for the excellent and poor land types by following the same procedures used for the average land
in section 3.1.3. The details of the distribution results for these two types of lands are
summarized in Appendix F. Based on these data, we perform a Monte Carlo simulation with 200
iterations.
5.3.2

Land Type Analysis Results

As a result of stochastic analysis, we generated all economic values in terms of its risk
intervals at a 95% confidence level. Table 5.6 provides the quantitative comparisons among the
three land types. We found that the system break-even price will differ depending on the land
types.
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Table 5.6 Land Type Sensitivity Analysis Summary.

Land size
Yields 1
Planting costs 1
Poplar
production costs
Poplar
break-even price
System
production costs
System
break-even price

Poor land

Average land

Excellent land

Unit

11,241
20.9
(16.2, 25.7)
56.2
(50.6, 62.5)
150.6
(144.3, 156.1)
111.4
(105.8, 117.1)
450.3
(443.4, 456.4)
0.199
(0.194, 0.203)

7,674
30.6
(23.0, 38.3)
38.4
(33.7, 42.3)
170.6
(166.8, 174.1)
127.5
(123.4, 131.8)
487.9
(484.0, 491.6)
0.211
(0.207, 0.215)

4,878
48.2
(42.0, 54.3)
24.4
(21.8, 27.0)
156.5
(153.9, 159.0)
115.7
(113.2, 118.6)
461.1
(457.9, 463.5)
0.201
(0.199, 0.203)

ha
dry
ton/ha
$M
$M
$/dry
ton
$M
$/kWh

1

Stochastic input variables

We found that the mean of land type distributions are statistically significant at 95% level
based on two-sample t-test22.In other words, it is statistically meaningful that poor and excellent
lands have lower break-even price than the average lands. Despite its disadvantage of largest
land requirements, the poor land’s rents are low enough to result in the lowest total poplar
production costs of NPV, as shown in Figure 5.9 (blue box).

Figure 5.9 Poplar Plantations Cost Breakdown (Land Type Analysis).
The system break-even price also suggests that the poor/excellent land has cheaper break-even
prices than the average land. Based on the estimated poplar break-even price, this is not a
surprising result, because biomass purchase costs are the most expensive part of power-plant
generation—46% of total costs—as seen in Figure 4.2. In addition, the power plant’s technical
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operation costs, such as capital and non-fuel operating costs, are not dependent on poplar land
types. As seen Figure 5.10, only fuel purchase costs vary across land types. Therefore, the poplar
break-even price order still maintains the system break-even price order.
.

Figure 5.10 Biopower Plant Operations Cost Breakdown (Land-Type Analysis).
However, we would like to note that the comparison is of limited value because the land rent
values are only estimates. As stated above, the lowest break-even price for poor land was derived
using the cheap land price estimate. With different land rent values, the ranks of the break-even
price can vary.
More interestingly, we found the difference in standard deviation of land type. The system
break-even price has the largest standard deviation at 95% level on the poor land, and the
smallest confidence interval for the break-even price of the excellent land, as seen in Figure 5.11.
The reason of this result can be understood by stochastic parameters affected by land type.
Although there were three parameters (yield, moisture content, and planting costs) varying
stochastically, moisture content did not differentiate across land type; thus, only yields and
planting costs have different impacts, depending on the land quality, in our model. Given these
circumstances, the large land area needed for poor land quality has more uncertainty in system
break-even price.
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Figure 5.11 System Break-even Price Stochastic Analysis Results.

This result is quite surprising, because we expected that the range of uncertainty for the
system price would be driven largely by the yield’s standard deviation, because yield uncertainty
plays a critical role in the system’s profitability as Young (2016) also found 25. However, we
found that another stochastic variable, planting costs, plays a dominant role in determining the
standard deviation of the system break-even price in this large-scale plantation. To draw this
conclusion, we compared the standard deviation of yield and planting costs. For the yield
uncertainty distribution, the standard deviation was the largest for the average land type (4.67 dry
ton/ha), and the smallest for the poor land type (2.8 dry ton/ha). In contrast, for the planting cost,
the standard deviation was the largest in the poor land type ($3.5 million), but was the smallest
for the excellent land ($1.6 million), which were identical order as our final system break-even
price uncertainty order as shown in Figure 5.11. Therefore, the ultimate influence of the
uncertainty in this model were the planting costs risks. Given this circumstance, it will be
important to resolve the planting costs’ uncertainties, particularly for large-scale plantations,
such as the one in our study, in order to lower costs effectively.

25

Young (2016) also found that poplar plantations NPV’s standard deviation follows the yield’s standard deviation
in the three land-types analysis.
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CHAPTER 6.

DISCUSSION

This study examines the economic feasibility of the direct-firing biopower plant system,
using poplar feedstock in Indiana; the system includes poplar plantations and the power plant
operations. This systematic economic analysis contributes to ensuring sustainable biomass
feedstock supply to the biopower plant, which is one of the most important risk in a biomassutilizing energy project. Given that there is no biopower plant currently operating in Indiana, this
study explains the potentials of biopower plant’s value to the state. As a pioneer project that has
various uncertainties, we generated all economic measurements (e.g., NPV and break-even price)
in terms of stochastic distributions to account for risks in the project evaluation.
We find that the biopower plant is not economically feasible in the current setting of Indiana
power markets, as the estimated system break-even price (21.1 cents/kWh) is approximately six
times higher than the Indiana wholesale electricity price (3.67 cents/kWh). Indiana, in particular,
would find it difficult to have a feasible biopower plant because relatively cheap fossil fuel-based
power plants produce most of the electricity. Moreover, land resource is likely to be limited
considerably to use biopower plant to substitute for a coal-power plant. For example, if we aim
to replace nine coal power plants 26, which are the power source to southern Indiana by
generating 55 TWh in 2016, almost 82% of total farm land in Indiana would need to be
converted to grow poplar trees. This land use change will not occur in reality. Even though 15%
rate of return may be appealing compared with some less profitable cropping activities, farmers’
inertia to maintain their conventional farming exists regardless of the economic calculation. In
particular, when farmers are not acquainted with poplar production as they are with conventional
crop production, the large expansion of this new crop cultivation may seem to be risky transition
to farmers. Therefore, it is clear that biopower plant is not a best alternative to Indiana coalpower plant from both the economic and land availability perspectives.
However, we find environmental benefits of this biopower plant. The negative net GHG
emissions of this system make it attractive from a GHG perspective. The estimated negative
GHG net emission suggests that 1.28 kg CO2 eq. of carbon will be absorbed from atmosphere per
kilowatt-hour of power generation using this biopower plant. If the goal of Indiana is to reduce
26

Plant name: Clifty creek, AES Petersburg, Edwardsport, R Gallagher, F B Culley, Gibson, Rockport, Merom,
Warrick (Source: EIA-906/920/923 and EIA-860)

94
GHG substantially in energy sector, then biopower plant can help. We also note that the
reduction effect may vary depending on the planting circumstances because LCA estimation can
be different depending on the initial soil carbon stock. If poplar trees are planted on land which
was previously a high carbon sink (e.g. grass land), biopower plant’s emission reduction effect is
smaller, but if the land had low soil organic carbon stocks before (e.g. cropland), then biopower
plant’s emission reduction effect could be relatively high. In Indiana, the low valued lands are
usually pastured grassland, whereas high valued land are used for cropland. Given this land use
pattern, we expect higher soil organic carbon stocks in poor land than excellent land. Therefore,
excellent land for poplar plantation is expected to have higher environmental benefits than poor
land. In conjunction with our finding that excellent land mitigates the risks, high GHG reduction
effects can also be expected in using excellent land type. However, again, we would not expect
excellent agricultural land to be converted to poplar production because using in for agricultural
crops (mainly corn and soybeans) would be more attractive.
The carbon tax, $90/ton CO2 eq. is required to make this system feasible. This indicates that
with any carbon tax above $90/ton CO2 eq. the biopower plant could be viable in Indiana.
However, such high carbon tax will be only set based on the aggressive GHG reduction target
such as Paris accord. Furthermore, we do not predict any unintended economic impacts due to
the high carbon taxes in this study. Further study needs to explore the social welfare changes
with the electricity price change driven by the carbon tax.
The optimal over-production of poplar biomass is necessary at 0.8%. However, we do not see
significant decreases in the break-even price through poplar production optimization, indicating
that as much as a 10% over-supply of poplar chips would work in the future system design, as
well. However, this conclusion is based on a particular study, in which over-produced poplar
biomass can be sold to the woodchip market. Therefore, if it is not possible to sell surplus poplar
chips, there will be high penalty by overproducing too much. Then, the optimization practice
may be a more effective strategy to favor the system’s break-even price.
Additionally, we observe that an existing woodchip market favors the system break-even
price and mitigates the biomass-related risks for both the poplar growers and the power plant.
Especially for the power plant, we find that if the poplar biomass does not fulfill the power
plant’s fuel requirement, it is always better to purchase any needed biomass from the market to
operate the power plant at full capacity. Therefore, we expect that any policy considerations to
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promote biopower plants could be more effective if woodchip biomass markets are also
considered as options, along with poplar plantations.
Even though economic findings have concluded infeasibility of the biopower plant, we see
the potential of this system with a stringent environmental policy target. If so, biopower plant
could be competitive with other renewable energy technologies because of its reliable energy
generation. Compared to the most popular renewable energy in Indiana—wind and hydropower,
biopower generation is expected to be less sensitive to weather 27. For this reason, when other
renewable-sourced power is not available, biopower plant can be dispatchable despite its higher
production costs among renewables, only if certain amount of renewable power is mandated.

27

For this reason, biopower plant has a higher capacity factor than other renewable power plant (Biomass including
wood:55.6%, conventional hydropower : 38.2%, wind: 34.5%, solar photovoltaic: 25.1%) (Source: U.S. EIA electric
power monthly, table 6.7.B)
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APPENDIX A. THE SELECTED POPLAR CULTIVARS

Clonal ID
433
433
433
6200
6200
6200
7045
7045
7045
7071
7071
7071
7115
7115
7115
8008
8008
8008
8013
8013
8013
9016
9016
9016
10642
10642
10642
10648
10648
10648
11786
11786
11786
11793
11793
11793

Dry weight yield
(ton/ha)
23.7
26.2
33.2
19.5
23.2
31
16.8
16.8
39.6
15.8
27.4
28.5
15.6
22.8
28.8
20.6
25.4
34.2
14.2
24.5
32.8
23.9
26.8
30.8
27.6
33.8
36.9
23.7
26.4
28.9
18.4
19.5
31.2
23.9
24.4
33.9

Moisture
content
54.0%
53.0%
58.0%
52.0%
52.0%
56.0%
54.0%
60.0%
52.0%
56.0%
55.0%
54.0%
58.0%
54.0%
56.0%
55.0%
53.0%
54.0%
54.0%
54.0%
54.0%
55.0%
55.0%
54.0%
52.0%
54.0%
53.0%
53.0%
52.0%
54.0%
54.0%
58.0%
56.0%
60.0%
54.0%
56.0%

Clonal ID
11794
11794
11794
11799
11799
11799
11807
11807
11807
11824
11824
11824
11825
11825
11825
31500
31500
31500
NM6
NM6
NM6

Dry weight
yield (ton/ha)
29.3
32.6
44.4
21.8
24.7
26.3
27.2
42.2
45.5
53.2
21.2
24.5
11.8
30.1
28.8
27.3
28.8
31.5
28.7
39.7
30.8

Moisture
content
54.0%
55.0%
51.0%
53.0%
58.0%
57.0%
56.0%
56.0%
55.0%
54.0%
55.0%
55.0%
57.0%
56.0%
51.0%
57.0%
57.0%
53.0%
49.0%
50.0%
55.0%
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APPENDIX B. POPLAR HIGH HEATING VALUE

HHV(MJ/dry kg)

Source

19.56

(Sabatti et al.)

19.17

(Sabatti et al.)

19.06
19.01

(Sabatti et al.)
(Sabatti et al.)

18.96

(Sabatti et al.)

19.61

(Sabatti et al.)
(Verlinden, Broeckx, Van
den Bulcke, et al.)
(Verlinden, Broeckx, Van
den Bulcke, et al.)
(Benetka et al.)
Mean

19.33
19.6
19.45
19.31

The difference between high heating value (HHV) and low heating value (LHV) comes from the
energy content based on the fuel state being measured. HHV contains higher energy because it is
measured in a water state of liquid, whereas LHV is a measure with water content in vapor state.
The decision of choosing between HHV and LHV is determined based on how the plant is
designed. LHV is more appropriate when the state of water in biomass fuel in a particular system
such as traditional boiler stays as vapor, so that the heat of condensation is designed to be lost.
The HHV is more relevant to system if heat can be stored through condensation like our biopower plant system.
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APPENDIX C. PRODUCER PRICE INDEX ADJUSTMENT

Type

Original
Value

Unit

Year
($)

Source

PPI applied

PPI

New
Value
($2016)

Vegetation
removal

50.28

$/ha

2013

Young (2016)

PPI_AgMach×

1.06

53.1

Cutback

51.78

$/ha

2013

Young (2016)

PPI_AgMach

1.06

54.7

Stock removal

524.17

$/ha

2013

Young (2016)

PPI_AgMach

1.06

553.5

× Producer Price Index by Commodity for Special Indexes: Agricultural Machinery

108

APPENDIX D. POPLAR BIOGENIC CO2 EMISSION COMPARISON

GREET

Indiana

Unit

Yield

33.4

30.63

Dry ton/ha/3year

HHV

17.45

16.60

MMBtu/dry ton

Electricity output
Electricity
throuhput
Biogenic CO2
reduction
Biogenic CO2
reduction

11,442.0

11,531

KWh/ha/year

1,029.0

1,129

1.59

1.46

18,192.8

16,704.4

KWh/dry ton
CO2 kg/kWh
CO2 kg/ha/year
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APPENDIX E. @RISK OPTIMIZER TRIALS (β)

Numbers
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

β
1.029051%
2.025341%
0.582623%
0.596831%
1.118995%
2.092121%
1.128801%
-1.059234%
0.049955%
-0.529036%
-0.426709%
0.579727%
0.608381%
1.114267%
-0.431959%
0.095174%
4.740306%
4.239042%
0.571831%
2.690560%
0.581658%
-0.416098%
3.069785%
1.143688%
2.096694%

Numbers
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

β
2.167105%
2.149193%
-0.533769%
0.109720%
-0.457119%
-0.477941%
1.110293%
-2.569921%
1.096941%
-2.011323%
0.105195%
0.616371%
0.919215%
0.041412%
0.100686%
2.171479%
1.548569%
0.073992%
4.228696%
2.655929%
1.981034%
0.076919%
1.058139%
-0.401116%
-1.968758%
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APPENDIX F. LAND TYPE STOCHASTIC DISTRIBUTION

AF T.1 Excellent Land Stochastic Distribution
Cut

Mean
(µ)

1st cut
2nd cut
3rd cut
4th cut
5th cut
6th cut
7th cut
8th cut

37.07
48.18
48.18
48.18
48.18
48.18
48.18
48.18

1
2

Std.
Dev.
(𝜎𝜎)
2.87
3.73
3.85
3.96
4.08
4.20
4.33
4.46

Distribution
RiskNormal(µ,
RiskNormal(µ,
RiskNormal(µ,
RiskNormal(µ,
RiskNormal(µ,
RiskNormal(µ,
RiskNormal(µ,
RiskNormal(µ,

5% point of the normal distribution
95% point of the normal distribution

𝜎𝜎)
𝜎𝜎)
𝜎𝜎)
𝜎𝜎)
𝜎𝜎)
𝜎𝜎)
𝜎𝜎)
𝜎𝜎)

Lower
Bound
(LB)1
32.33
42.03
41.85
41.66
41.46
41.26
41.05
40.84

Upper
Bound
(UB) 2
41.79
54.32
54.50
54.69
54.89
55.09
55.29
55.51

Final
Distribution
RiskPert(LB, µ,UB)
RiskPert(LB, µ,UB)
RiskPert(LB, µ,UB)
RiskPert(LB, µ,UB)
RiskPert(LB, µ,UB)
RiskPert(LB, µ,UB)
RiskPert(LB, µ,UB)
RiskPert(LB, µ,UB)

AF T.2 Poor Land Stochastic Distribution
Cut

Mean
(µ)

1st cut
2nd cut
3rd cut
4th cut
5th cut
6th cut
7th cut
8th cut

16.09
20.91
20.91
20.91
20.91
20.91
20.91
20.91

1
2

Std.
Dev.
(𝜎𝜎)
2.15
2.80
2.88
2.97
3.06
3.15
3.25
3.34

Distribution
RiskNormal(µ,
RiskNormal(µ,
RiskNormal(µ,
RiskNormal(µ,
RiskNormal(µ,
RiskNormal(µ,
RiskNormal(µ,
RiskNormal(µ,

5% point of the normal distribution
95% point of the normal distribution

𝜎𝜎)
𝜎𝜎)
𝜎𝜎)
𝜎𝜎)
𝜎𝜎)
𝜎𝜎)
𝜎𝜎)
𝜎𝜎)

Lower
Bound
(LB)1
12.54
16.30
16.17
16.02
15.88
15.73
15.57
15.41

Upper
Bound
(UB)2
19.63
25.51
25.65
25.79
25.94
26.09
26.24
26.40

Final
Distribution
RiskPert(LB, µ,UB)
RiskPert(LB, µ,UB)
RiskPert(LB, µ,UB)
RiskPert(LB, µ,UB)
RiskPert(LB, µ,UB)
RiskPert(LB, µ,UB)
RiskPert(LB, µ,UB)
RiskPert(LB, µ,UB)

